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ABSTRACT: The question of neutrino mass is one of the major riddles in particle physics. 
Recently, strong evidence that neutrinos have nonzero masses has been found. While tiny, these 
masses could be large enough to contribute significantly to the mass density of the universe. 
The evidence for nonvanishing neutrino masses is based on the apparent observation of neutrino 
oscillation — the transformation of a neutrino of one type or "flavor" into one of another. We 
explain the physics of neutrino oscillation, and review and weigh the evidence that it actually 
occurs in nature. We also discuss the constraints on neutrino mass from cosmology and from 
experiments with negative results. After presenting illustrative neutrino mass spectra suggested 
by the present data, we consider how near- and far-future experiments can further illuminate 
the nature of neutrinos and their masses. 



CONTENTS 



INTRODUCTION 



THE EXPECTATION THAT NEUTRINOS HAVE MASS 



NEUTRINO OSCILLATION 



Oscillation in Vacuurr 



Flavor Transitions in Mattel 



Types of Neutrino Oscillation Experimenti 



THE OBSERVED EVIDENCE AND HINTS OF NEUTRINO OSCILLATION 



^hrMSpl^rif^feutrinos 9 



Solar Neutrinoi 



17 
The LSND Expenmen\ 21 



A COSMOLOGICAL CONSTRAINT ON NEUTRINO MASS 24 



NEGATIVE SEARCHES FOR NEUTRINO MASS 24 



Reactor Oscillation Searcha 25 



Accelerator Oscillation Searches 27 

Kinematic Searches for Mast 29 



Double Beta Decay 31 



NEUTRINO MASS SCENARIOS 33 



CONCLUSIONS 36 



1 INTRODUCTION 

Neutrinos are among the most abundant particles in the universe. Indeed, even 
within a single human being, there are more than 10^ neutrinos left over from 
the Big Bang. In addition, passing through each person on earth every second 
are some 10^^ neutrinos from the sun, another 10^ neutrinos made in the earth's 
atmosphere by cosmic rays, and additional neutrinos from other natural and man- 
made sources. Evidently, neutrinos are very common in the universe, and very 
commonly encountered by people. Thus, it would be very nice to know something 
about them. 

It has long been known that neutrinos are very light. However, it has not been 
known whether they are completely massless, or have small but nonzero masses. 
The answer to this question has major consequences, both for physics and for 
astrophysics. If the neutrino masses are very small but nonvanishing, then they 
are probably caused by new physics beyond the realm of the highly successful 
Standard Model of the weak and electromagnetic interactions. Measured values 
of the masses would be a clue to the nature of the new physics. In addition, 
because neutrinos are so abundant in the universe, even tiny nonzero neutrino 
masses can result in an important neutrino contribution to the mass density of 
the universe. 

Recently, strong evidence that neutrinos do have nonzero masses has at long 
last been found. This evidence stems from the apparent observation that a neu- 
trino of one type or "flavor" , such as a muon neutrino, can metamorphose into a 
neutrino of another flavor, such as a tau neutrino. This metamorphosis, known 
as neutrino oscillation, implies neutrino mass, as we shall discuss. 

Three hints that neutrinos oscillate have been observed. The first — the be- 
havior of neutrinos produced in the earth's atmosphere by cosmic rays — provides 
rather convincing evidence of oscillation. The second — the observed fluxes of neu- 
trinos from the sun — provides a strong further hint of it. The third — the behavior 
of neutrinos in a beam at Los Alamos — provides an additional but unconflrmed 
hint. 

In this article, we will briefly review the physics of neutrino mass and os- 
cillation, and then discuss and critique the three hints that neutrinos actually 
oscillate. Next, we will indicate the bounds placed on neutrino mass by astro- 
physics and by various laboratory experiments with negative results. Then, we 
will describe several illustrative neutrino mass scenarios suggested by the ob- 
served oscillation hints and consistent with the existing bounds. Finally, we will 
conclude by discussing the future steps which need to be taken to test the three 
existing hints of oscillation, and to learn more about the nature of neutrinos and 
their masses. 
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2 THE EXPECTATION THAT NEUTRINOS HAVE MASS 

Over the years, numerous experiments have sought evidence of neutrino mass. 
This extensive search has been driven, in part, by the fact that from a theoretical 
perspective, it is natural to expect that neutrinos do have nonvanishing masses. 
Unlike photons, neutrinos are not required to be massless by gauge invariance or 
any other symmetry principle. Moreover, neutrinos appear to be closely related 
to the charged leptons and the quarks, all of which certainly have nonvanishing 
masses. In the Grand Unified Theories, which unify the weak, electromagnetic, 
and strong interactions, this relation takes the form of the placement of each 
neutrino in a multiplet together with at least one charged lepton, one positively- 
charged quark, and one negatively-charged quark. Apart from the neutrino, every 
member of this multiplet is known to be massive. Thus the neutrino would have 
to be an exceptional member of the multiplet to be massless. 

Assuming that neutrinos do have mass, we have to understand why they are 
nevertheless so much lighter than the charged leptons and quarks. The most 
popular explanation of this fact is the "see-saw mechanism" [|l|. To understand 
how this mechanism works, let us recall that, unlike charged particles, neutrinos 
may be their own antiparticles. A neutrino which is its own antiparticle consists 
of just two states with a common mass: one with spin up and one with spin down. 
Such a neutrino is called a Majorana neutrino. By contrast, a neutrino which is 
distinct from its antiparticle consists of four states with a common mass: the spin- 
up and spin-down neutrino, plus the spin-up and spin-down antineutrino. This 
collection of four states is called a Dirac neutrino. In the see-saw mechanism, a 
four-state Dirac neutrino J\f of mass M gets split by "Majorana mass terms" 
into a pair of two-state Majorana neutrinos. One of the latter neutrinos, v , 
has a small mass M^ and is identified as one of the observed light neutrinos. 
The other, N , has a large mass Mjv reflecting the high mass scale of some new 
physics beyond the Standard Model, and has not been observed. The character 
of the breakup of J\f^ into z/^ and A^^ is such that M^Mm = M|,. Now, it is 
reasonable to expect that the mass Mfj of the Dirac particle J\f is of the same 
order as the typical mass, Mi or g, of the charged leptons £ and quarks q, since the 
latter are Dirac particles as well. Then, M,yMj\f ~ Mf ^j. . With M^ or q a typical 
charged lepton or quark mass and M^- very large, this "see-saw relation" explains 
why Ml, is very small. Very importantly, the see-saw mechanism predicts that 
neutrinos are Majorana particles. 

In a typical model, the heavy Majorana neutral lepton N participates in some 
hypothetical feeble interaction beyond the familiar weak interaction. However, it 
does not participate in the weak interaction itself. For this reason, it (and any 
other neutrino which is free of normal weak interactions) is sometimes referred 
to as a "sterile neutrino". 

3 NEUTRINO OSCILLATION 

In the quest for evidence of neutrino mass, the experiments which currently can 
reveal the smallest neutrino masses are those which search for neutrino oscillation. 
Let us briefly recall the physics of this process, starting with oscillation in empty 
space. 
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3.1 Oscillation in Vacuum 

We shall denote by 'T' the charged lepton of flavor i = e, fi, or r. Associated 
with a charged lepton £ of a given flavor is a neutrino, f^, of the same flavor. The 
meaning of this association is that when a neutrino of a given flavor interacts 
with matter and produces a charged lepton, this charged lepton always has the 
same flavor as the neutrino: I'e produces an e, f^ a ^u, and I'r a r. Similarly, when 
a reaction creates a charged lepton and an accompanying neutrino, the latter two 
particles are of the same flavor. 

If neutrinos have masses, then a neutrino of definite flavor, Vi, need not be a 
mass eigenstate. Indeed, if leptons behave as quarks do, then U£ is a coherent 
superposition of mass eigenstates, given by 



f£ 



^Uem\j^m)- (1) 



Here, the Vm are the mass eigenstates. There are at least three of them, and 
perhaps more. The coefficients Uim form a matrix U known as the leptonic 
mixing matrix. According to the Standard Model (SM), extended to include 
neutrino masses, U is unitary. 

The fact that a neutrino of definite flavor is a superposition of several mass 
eigenstates, whose differing masses cause them to propagate differently, leads to 
neutrino oscillation in vacuum — the transformation of a neutrino of one flavor 
into one of a different flavor as the neutrino moves through empty space. The 
amplitude for the transformation v^^vii is given by 

A{V(^^VI,) = ^ yl(f£ is Vrn) A{Vrn propagates) A{Vrn is Vi') . (2) 

m 

Here, A denotes an amplitude. From Eq. (||), A{u£ is Urn) = U^m-, and from its 
inverse, A{vm is v^i) = U^,^. It is not difficult to show that if the neutrino has 
energy E, if it propagates for a distance L between its production and detec- 
tion, and if Vm has mass M^, then A{vm propagates) = exp{—i—f^^) [^, ^, ^. 
Inserting these amplitudes into Eq. (|2|), we have 

A{u,^iye) = J2 Uime-'^^UP^. (3) 

m 

The probability P{vi^fVii) for a neutrino of fiavor i to oscillate in vacuum into 
one of flavor £' is then just the square of this amplitude. 

Note from Eq. (y) that oscillation from one flavor to another does require 
neutrino mass. If all the masses M^ vanish, then, since U is unitary, Eq. ^ 
imphes that A{vi,^i'ii) = J2m UimUl,^ = 6u,. 

The quantum mechanics of neutrino oscillation is both fascinating and subtle 
[^. It continues to be explored 0. 

If only two flavors, (, and i' ^ £, mix appreciably, U takes the form 

TT — ( COS0 e^'^sin^ A , . 

\ -e-^^sinO cos 9 ) ' ^ ' 

Here, is a mixing angle, and (5 is a phase. Inserting Eq. (Q) into Eq. (^), and 
supplying the factors of h and c which we have been omitting, we find that 



P{vi^v^i^() = sin 29 sin 



'■^"*'^(»^')^ 



(5) 
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Here, 6M'^ = M2 — Mf is the splitting between the squared masses of ui and 1^2, 
the two neutrino mass eigenstates which make up vi and uii. 

As we see from Eq. (^), the osciUation probabihty P{i'i^V£^£i) is not appre- 
ciable unless (5M^(eV^) L(km)/£'(GeV) is of order unity or larger. Thus, an ex- 
periment characterized by a given L(km)/ii^(GeV) will be able to probe neutrino 
mass splittings (5M^(eV^) ^[L(km)/S(GeV)]^"'^. By making L/E large enough, 
one can probe very tiny values of 5M'^ . Herein lies the power of neutrino oscilla- 
tion searches. 

Neutrino oscillation experiments are very commonly analyzed assuming that 
the oscillation probability is correctly described by Eq. (|5|). However, this equa- 
tion was derived assuming that only two neutrinos mix appreciably. If three or 
more mix, Eq. (P) may not hold. Nevertheless, there are interesting situations in 
which, even though more than two neutrinos are mixing, Eq. (g), with the mean- 
ing of "sin^ 20" and "(5M^" slightly modified, does hold. A second point concerns 
the possibility of CP violation. Assuming that the observed CP-violating effects 
in K meson decays are due to Standard Model physics, there must be CP-violating 
phase factors in the quark analogue of the leptonic mixing matrix U . Thus, it is 
natural to expect that there are CP-violating phases in U as well. These phases 
could lead to CP-violating effects such as P(i/^— >Pe) 7^ P(z^^— >fe) 01 • How- 
ever, some neutrino oscillation measurements are completely insensitive to any 
CP-violating phases in U . 

An example which nicely illustrates both of these points is the scenario in which 
there are three neutrino mass eigenstates, with two of them much lighter than 
the third. That is, Mi^2 ^ -^3- Imagine, now, that one searches for ^V^^V^i^^ 
in an experiment with L/E such that M^{L/E) ~ 1, so that Mf gC-^/^) < 1. 
Then, in Eq. (|3|) for yl(i/^ —>!/£/), we have exp(— zM^2-^/2^) — 1- Thus, since 
the unitarity of U requires that UnUpi + U£2Up2 = —UesUp^, Eq. @ yields 
A{i'i^U£/) = UesUp^[—l + exp{—iM^L/2E)]. Squaring, and including the factors 
of h and c, we have 



P{i^i^ui/^e) 



1 2 UisUi' 3\'^ s'm^ 



1.27 Ml {eV'^ 



L(km) 

'^(GeV) 



(6) 



This oscillation probability has exactly the same mathematical form as the two- 
neutrino formula, Eq. (|5|), but with the role of "sin^ 20" played by |2?7^3f/^/3| , 
and that of "5M^" played by M3. Thus, even when more than two neutrinos 
participate in the mixing, describing the data of an oscillation experiment using 
the two-neutrino formula of Eq. (|5|) may still be a valid procedure. Turning to 
the question of whether the experiment under discussion can see CP violation, we 
recall that CPT invariance implies that one can obtain P{i/£^i^£i) from P(f£— >f^') 
by simply replacing U by U* ^. Since this replacement does not affect Eq. (^) 
at all, we see that in our experiment, P(i>£— >i/^/^^) is forced to be the same 
as P{vi-^Vii^(), even if CP-violating phases are present in U . Our experiment 
cannot uncover these phases [p. 

The presence of CP-violating phases could, however, be revealed by an experi- 
ment with L/E big enough so that even Mi2{L/E)/^l. To see this, we note that 
when there are three flavors and three neutrino mass eigenstates, Eq. (^) and the 
rule that P(i>i^i/£i) is the same as P{v£^V£i) except that U is replaced by U* 
imply that 



P{ui,^ve^i) - P{vi>^vi,^i) = 4 9m(C/£iC//,i[//2^^'2)(si2 + S23 + ssi) 



(7) 
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Here, Sij = sm{5M^jL/2E), where 6Mfj = Mf - Mf. If U contains CP-violating 
phase factors, the quantity Qra^UnUp ^17^2^1' 2) will be nonvanishing |^. Thus, 
from Eq. (^ we see that, in an experiment in which 6Mf:L/2E is not tiny 
compared to unity for any i 7^ j, the CP-violating asymmetry P(f£— >f£/^£) — 
P{i'i^fi>ii^() = Ac^{W) will be nonvanishing as well. Interestingly, the uni- 
tarity of U is readily shown to imply that Aq-p{U'), as given by Eq. (|^, has 
the same value for W = e/i, yur, or re. Furthermore, Eq. (|^) obviously im- 
plies that Aqp^I'I) = —Aq-p{W). Thus, when there are only three neutrinos, 
all the CP asymmetries Aq-p^U') are equal to within a sign. However, if, say, 
5M'i2L/2E <C 1, then S12 + S23 + S31 = 0, and all the asymmetries Acv[W) dis- 
appear. This is the situation we encountered in the example we just discussed. 
Obviously, the CP asymmetries also disappear if 6M2^L/2E or SM^^L/2E is 
much smaller than unity. 

In Section |2|, we saw that the see-saw mechanism predicts the existence of very 
heavy neutral leptons in addition to the observed three light neutrinos. It may be 
that there are also light neutrinos in addition to the observed I'e, v^, and Vr- It is 
known that, should there be any such additional light neutrinos, the weak boson 
Z does not couple to them [|l^. This means that these additional neutrinos do 
not participate in the normal weak interactions of the SM. That is, they are what 
are called "sterile" neutrinos. 

If there do exist light sterile neutrinos, then any of the weak- interaction "ac- 
tive" neutrinos, fe, v^, or v-r, can oscillate, not only into another active neutrino, 
but into a sterile neutrino as well. The mathematics of neutrino oscillation when 
sterile neutrinos are involved is the same as when they are not. One simply 
increases the number of neutrino flavors, the number of neutrino mass eigen- 
states, and the consequent size of the mixing matrix [/, to accommodate the new 
neutrinos of sterile flavor. 

Owing to the special nature of the SM weak currents which produce and absorb 
neutrinos, many neutrino processes are insensitive to whether the neutrinos are 
Dirac or Majorana particles [O]. By and large, neutrino oscillation is insensi- 
tive as well. However, if the neutrino mass eigenstates are Majorana particles, 
then in addition to the oscillation of one neutrino flavor into another, which 
we have been discussing, we can also have the oscillation of a neutrino into an 
antineutrino. That is, a neutrino which in interaction with matter produces a 
negatively-charged lepton ^~ (conventionally called a "lepton") can become one 
which produces a positively-charged lepton £"*" (conventionally called an "antilep- 
ton"). There are several different varieties of this u^fu oscillation. To understand 
these varieties, let us recall that, irrespective of whether neutrinos are of Majo- 



rana or Dirac character, neutrino interactions obey certain helicity rules [11|. 
When the SM weak interactions produce an £"'"(£"), the accompanying neutrino 
or antineutrino almost (but not quite) certainly has negative (positive) helicity. 
The amplitude for it to have positive (negative) helicity is suppressed, and is 
only of order M/E, where M and E are, respectively, the mass and energy of 
the neutrino. Correspondingly, when the SM weak interactions absorb a neutrino 
or antineutrino to produce an £"(£+), the absorbed particle must have negative 
(positive) helicity. The amplitude for it to be absorbed and produce a lepton 
of the desired charge if it has the wrong helicity is, again, only of order M/E. 
However, these suppressed amplitudes are not zero. 

When neutrinos are Dirac particles, there is a conserved lepton number L, 
with L{i^) = L{u) = —L{i'^) = —L{D) = +1. Conservation of L prevents a 
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neutrino from being born in association with an i^ and then interacting to make 
a second i^ instead of an £~ . But when neutrinos are Majorana particles, no 
such conservation law stands in the way. The neutrino need only have the proper 
helicity. Now, as has been stated, when a "neutrino" is born in association with an 
i^, this neutrino, while dominantly of negative helicity, has a small component, of 
order M/E, with positive helicity. This small component has the right helicity to 
make an £~^ when interacting with matter. Since a particle whose interaction with 
matter yields an i~^ is customarily called an "antineutrino" , we would say that 
the particle born as a i^ became a i/. However, it is probably not too accurate to 
say the v "oscillated" into a i^, since a small piece of it had the correct helicity to 
act as a P right from the moment of birth, without having to travel any distance 
at all. This is the first variety of i/— >i/ "oscillation". 

A quite different kind of i^ <-> P oscillation is the neutrino analogue of B° <-> B° 
meson oscillation. Like the latter, which has been observed [^], this would 
be a genuine oscillation with distance. It is sometimes referred to as 2nd class 
oscillation [^]. To illustrate how this type of oscillation works, let us neglect 
intergenerational mixing, and imagine that the electron neutrino with negative 
helicity, v^, and its charge conjugate, the electron antineutrino with negative he- 
licity 0^, are orthogonal linear combinations of two underlying Majorana mass 
eigenstates. Here the arrows indicate the helicity. This situation is analogous to 
the one in the B° — B° system, where B° and B° are orthogonal linear combi- 
nations of two mass eigenstates. Just as a -B meson born as a B" then oscillates 
between B° and B° states, so a neutrino born as a u^ would oscillate between 
V* and pj. Note that the latter oscillation necessarily connects two states of the 
same helicity, since the angular momentum of a neutrino in vacuum is conserved. 
Now, a B° participates in SM interactions, but a v* does not, being of the wrong 
helicity to do so. That is, this brand of "i^ <-> D oscillation" turns an active 
neutrino, fj, into a sterile one, v*. In particular, this sterile neutrino does not 
interact to produce a positron, as a v]. would. In an experiment starting with a 
Ve beam, v^^vl would be marked by a disappearance of some (possibly large) 
fraction of the original Ve flux, but without the appearance of a corresponding 
flux of new particles capable of interacting to produce a charged lepton of any 
charge or flavor. Of course, with probability ~ (M/E)"^, a 0^ can indeed pro- 
duce an e"*", but this is a very small effect. Neutrino- antineutrino oscillation is a 
potentially very interesting effect, but estimates of its experimental visibility are 



discouraging ||T4| 



3.2 Flavor Transitions in Matter 

When a neutrino propagates through matter, rather than through a vacuum, 
its ability to change its flavor can be greatly enhanced by its interaction with 
the surrounding medium. This phenomenon, known as the Mikheyev-Smirnov- 
Wolfenstein (MSW) effect [p!^ ], results from weak forward coherent scattering 
from electrons, and may play a very important role in the behavior of the solar 
neutrinos (see Section |4.2| ). A solar neutrino is created as a u^ in the core of 
the sun by nuclear processes. The solar neutrino detectors presently operating 
on earth can detect a Ve, but are completely, or at least largely, insensitive to 
neutrinos of other flavors. However, as the solar neutrino born as a i^e journeys 
outward from the solar core through solar material, the MSW effect can poten- 
tially convert it into a neutrino i^x of muon, tau, or even sterile flavor. It would 
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then be undetectable in the present detectors. Thus, the solar neutrino flux ob- 
served by these detectors would be less than that predicted when one does not 
take this MSW flavor conversion into account. 

Like neutrino oscillation in vacuum, MSW flavor conversion requires neutrino 
mass. Without going through the physics of the MSW effect in detail, let us 
recall enough of it to see how much mass it requires. 

The MSW effect converts a fe into a Vx (= ^h-i^t-, or fsterOe) as a result of 
a crossing, somewhere in the sun, of the Ve and v^ energy levels. Neglecting 
neutrino mixing, the total energy of a v^ of mass M^^ and momentum p in the 

sun is Jp^ + M^ + \/2GFNe. Here, Gp is the Fermi coupling constant, and 



A'^e is the electron density at the location of the neutrino. The term wp^ + M^^ 

is the energy the u^ would have in empty space, and the term \/2GpN(, is an 
interaction energy arising from the W-boson exchange interaction between the 
Ve and solar electrons. We have neglected a small Z-boson exchange interaction. 
Now, a Vx (= v^,Ur, or i^steriie) docs not have a W-boson exchange interaction 
with electrons. Thus, neglecting the small Z-boson exchange interaction once 
again, the total energy of a Vx of mass M^,^ and the same momentum p as before 
is simply Jp^ -\- M^ . The condition that the Uf, and Vx energy levels cross is then 



p2 + Ml ^ ^p2 + Ml + V2GFNe . (8) 

Taking for Ng a characteristic solar electron density, ~ 10^^ /cc, and for p a 
characteristic solar neutrino momentum, ~ 1 MeV, we find that if this level- 
crossing condition is to be satisfied, we must have 

Ml - Ml = 5Ml,^ ~ 10-5eV2 . (9) 

This is the amount of mass (splitting) required by the MSW effect. Note, in 
particular, that the MSW effect does require nonzero neutrino mass. R 

3.3 Types of Neutrino Oscillation Experiments 

Neutrino flavor oscillation experiments fall crudely into two categories: disap- 
pearance experiments, and appearance experiments. If an experimenter creates 
a beam of neutrinos of lepton flavor i, then in a disappearance experiment, he or 
she will search for the absence of some of the f^ flux known to be present in the 
initial beam. In an appearance experiment, he or she will seek the appearance 
of neutrinos I'e'j^i- The appearance of a lepton flavor not present in the original 
beam is often a more convincing signal of oscillation than is the disappearance of 
some fraction of a neutrino beam whose total flux may be uncertain. However, 
it may be that in some cases neutrino oscillations convert active neutrinos into 
sterile ones. To discover this, an experimenter would have to demonstrate both 
the disappearance of the original active flavor and the non-appearance of any new 
active flavor in its stead. 

Experiments seeking neutrino flavor oscillations typically use charged-current 
neutrino interactions {ui-\-A — > i + B) to tag the flavor of the observed neutrinos. 

^Of course, if there should exist flavor-changing neutrino interactions such as i^e + 
nucleon — > i'^ + nucleon, then a neutrino could change flavor in matter even in the absence 
of neutrino mass. However, we assume that, as in the SM, there are no neutrino-flavor-changing 
interactions. Then flavor conversion requires neutrino mass. 
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Experiments with low neutrino energy, which are desirable to increase L/E for 
the purposes of probing low (5M^, are often unable to use this technique because of 
the lack of energy necessary to produce the massive charged lepton. Observations 
of neutral-current neutrino interactions {I'i + A ^ vi + B) are important probes 
of the sterile neutrino hypothesis, since neutral-current interactions would be 
absent for sterile neutrinos but present for active neutrinos even when the related 
charged-current interactions are suppressed by the charged lepton mass. 

A particular case of interest occurs when backgrounds and intensities are low, 
such as in many "long-baseline" (large L) experiments. Appearance experiments 
have sensitivities which scale with N x P, where N is the number of neutrinos 
expected in the detector and P is the probability of flavor oscillation. However, 
disappearance experiments have sensitivities which scale as P^JN/{1 — P), and 
are therefore often less powerful at low mixing angle in the case of transition from 

^'active — ^ '^active' 

Interestingly, CP violation in neutrino oscillation could never be seen in a 
disappearance experiment. Such an experiment simply measures the probability 
P(f£— >f^) that a neutrino retains its original flavor. Violation of CP would be 
signalled by P(P^^z^^) 7^ P{v^^V(). However, one can show that CPT invariance 
demands that P{i7i^Vi) = P(ff— >ff). 

In order to establish oscillation as the correct explanation of an observed phe- 
nomenon, it is desirable to observe the characteristic variation in neutrino beam 
composition with L/E. This may appear as a spectral distortion of a wideband 
source of neutrinos or as a change in observed appearance rates as L/E varies in 
a narrowband source. 

4 THE OBSERVED EVIDENCE AND HINTS OF NEUTRINO 
OSCILLATION 

4-1 Atmospheric Neutrinos 

Atmospheric neutrinos are produced by interactions of cosmic ray protons with 
air nuclei in the earth's atmosphere via the reaction chain 

p + N -^ 7T^+X (10) 

vr^ ^ fi^ + i^^^iVf,) (11) 

^± ^ e^ + Ue{Ve)+-p^{Uf,). (12) 

From simple counting the flavor ratio resulting from this chain is 

R./e = ^^P^ - 2. (13) 

A more sophisticated calculation changes this ratio somewhat, but calculations 
from different groups pB] are consistent at the 5% level. The absolute fluxes 
are believed to be known at the 20% level. This makes neutrinos produced in 
the atmosphere a potentially good place to look for oscillation effects: the ratio 
between species is reasonably well known even though the absolute fluxes are not. 
Generally, an oscillation effect would show up as a variation of the above ratio 
from the calculated value of approximately 2. Detailed calculations of flavor ratios 
are used to account for detector effects, such as energy thresholds and acceptances 
which vary from experiment to experiment and deviations from -R^/g = 2 at 
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Figure 1: Atmospheric neutrinos incident on an underground detector from zenith 
angles 6z and tt — 6z- The large circle is the earth, and the black square the 
detector. The various dashed lines intersect at the center of the earth. The 
neutrinos travel as shown by the arrows along the solid line from their points of 
origin just above the earth's surface to the detector. 



higher neutrino energies. Conventionally, experimenters report the ratio between 
the measured value of the quotient in Eq. (13), and its predicted value based on 
a Monte Carlo simulation: 



R 



Data/MC 



[N{iy^+V^)/N{ue+Ve)] 



Data 



[N{Uf,+V^)/N{l^e+'i^e)] 



(14) 



MC 



This "ratio of ratios" should be unity if there are no neutrino oscillations and if 
detector effects and backgrounds are correctly modeled. If f^ flavor oscillations 
occur, Rfj_/e would be less than two and -Roata/MC would be less than one. 

The zenith angle distribution of neutrino events of a given flavor provides a 
second, more sensitive, method of detecting oscillations which is less dependent on 
theoretical input. Neutrinos produced in the atmosphere just above the detector 
will have a shorter flight path (20 km) than neutrinos produced on the opposite 
side of the earth, which travel up to 13,000 km before detection. Thus, the 
oscillation baseline varies with the zenith angle 6z- In the absence of oscillations, 
the zenith angle distribution will be up-down symmetric to a good approximation, 
and any deviation from this symmetry will indicate a change in the neutrino flux 
during passage through the earth. As this point may not be immediately clear, 
we give the argument in detail below. 

Suppose that neutrinos do not oscillate. More generally, suppose that the num- 
ber of neutrinos of a given flavor does not change for any reason as the neutrinos 
travel from their points of birth to the detector. Then, at neutrino energies above 
a few GeV, where geomagnetic effects can be neglected, the detected flux of neu- 
trinos of a given flavor coming from zenith angle 9z must be equal to that coming 
from angle it — 9z- To see why, consider Figure ll|. 

Measurements have found that above a few GeV the cosmic ray flux which 
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produces the atmospheric neutrinos is isotropic |17|. Thus, neutrinos are being 
created in equal numbers per unit area and time everywhere around the earth in 
Figure Q. In addition, the angular distribution of the produced neutrinos, relative 
to the local downward-pointing vertical, is the same around the world. We shall 
call this angular distribution D{9'^), where 0^ is the angle between the momentum 
of the neutrino and the downward vertical. Consider, now, the downward flux of 
neutrinos incident on the detector from a small solid angle AJ7 at zenith angle 9z- 
Let us compare this to the corresponding upward flux from the same size solid 
angle at it — 9z- Note from Figure that the angle 0^ between the momentum 
the neutrinos must have to reach the detector and the downward vertical at the 
neutrino production point is the same for the neutrinos coming from tt — 6z as 
for those coming from 6z- Thus, D{6*^) has the same value for both. For a Ail of 
given size, the surface area of the region of atmosphere that contributes neutrinos 
is proportional to £^, where £ is the distance from the detector to the contributing 
region. This effect would appear to favor the upward-going neutrinos from the 
distant source at tt — 9z over the downward-going ones from the nearby source at 
9z- However, for the neutrinos coming from a tiny area da of fixed size within the 
source region, the solid angle subtended by the detector falls off as l/£'^. Thus, 
when one integrates over the contributing source region, the factors of i'^ cancel 
out, and neither the upward- nor downward-going neutrinos are favored. Finally, 
since the source region of atmosphere is not perpendicular to the line connecting 
it to the detector, for given AQ the size of this region is enhanced by a factor of 
sec 0^. However, since 9^ is the same for the neutrinos from 9z and from tt — 9z, 
this factor, like all the others, does not favor either of these neutrinos. 

The conclusion is that, per unit solid angle, the fluxes of neutrinos of a given 
flavor incident on the detector from directions 9z and tt — 9z must be equal. 
If they are not, then the number of neutrinos of this flavor must change as the 
neutrinos journey from their points of origin to the detector. Most likely, the 
change is due to vacuum neutrino oscillation, although one must be careful to 
consider other possibilities, such as the decay of neutrinos of one flavor into those 



of another [18 1 . 



4.1.1 Experimental Results 

The first generation detectors which studied atmospheric neutrinos, NUSEX[p!9|], 
Soudan|2C], IMB|21|, Frejus[p^] and Kamiokande[23|, were originally designed to 
search for proton decay. All are deep underground to reduce backgrounds from 
cosmic rays, all are very massive in order to be sensitive to proton lifetimes of 
order 10^^ yr and designed in order to minimize backgrounds from radioactive 
substances. These characteristics make them ideal for the detection of both solar 
and atmospheric neutrinos: the neutrino flux from cosmic ray interactions in the 
atmosphere is expected to be ~ 10^ m~^-sr~^-(100 MeV)~^-yr~^, at 1 GeV, so 
there are ~ 50 reactions per kiloton of target mass per year. 



For the second generation of detectors, Soudan II|2C|, Kamiokande III[24| and 
IMB-3[^], the key improvement was lowering of the energy threshold of the 
detector trigger. Generally, this required the use of lower background materials 
and noise reduction in the detector systems as well as the ability to handle higher 



data rates. SuperKamiokande[25| represents the third generation of proton decay 
experiments with neutrino detection placed on an equal footing with proton decay. 
SuperKamiokande's larger fiducial volume not only means a higher counting rate 
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from neutrino interactions, but the ability to fully contain a larger fraction of the 
final state products from the neutrino interactions. 

The large underground detectors are of two types: water Cerenkov (IMB-3, 
Kamiokande and SuperKamiokande) , which use water as the target and mea- 
sure the Cerenkov light cone to determine a particle's velocity and direction, 
and tracking detectors (Soudan, Frejus, NUSEX and MACRO), which use dense 
material as a target and sampling detectors to identify the final state lepton. 

The most sensitive result comes from SuperKamiokande, the latest of the water 
Cerenkov detectors, and we describe it in some detail. A particle moving through 
a medium of index of refraction n with a velocity greater than c/n will radiate 
photons into a forward cone of opening angle cos 9c = l/n/3. For ultra-relativistic 
particles in water, the Cerenkov angle is 9c = 41.7°, and a charged particle 
moving through water will generate around nine photo-electrons per MeV of 
deposited energy. The arrival time of the photons at the photon detectors allows 
the reconstruction of the Cerenkov cone and hence the velocity and direction of 
the charged particle. The 200 ps timing resolution of the photon detectors gives 
a vertex resolution of 30 cm. The total path length gives the total energy with a 
resolution of 2.5%/ ^/E{GeV) i: 0.5% for electrons and 3% for muons. 

Two key ingredients make measurements of atmospheric neutrinos possible in 
water Cerenkov detectors. First, even at a depth of 1000 meters (equivalent to 
3000 meters of water), the cosmic muon fiux is 10^///year in SuperKamiokande 
compared to the observed change in the fiux (see below), which is around 150 
events for a year of running. Requiring tracks to originate at least 2 m from 
the surface of the detector reduces the accidental flux by a factor of 10^ for the 
fiducial mass of 22 kilotons of this detector |28|. Second, the very large number of 



Cerenkov photons allows discrimination between electrons and muons based on 
the larger multiple scattering of the electrons owing to their low massp^. The 
higher multiple scattering of electrons leads to a fuzzier Cerenkov ring image; 
measuring the sharpness of this image allows discrimination between electrons 
and muons with less than 1% confusion. 

Fully contained events are classified according to their visible energy ("sub- 
GeV" for ^^is < 1.33GeV, "multi-GeV" for ^vis > 1-33 GeV) and the number of 
reconstructed Cerenkov rings ("single-ring" for one reconstructed ring, "multi- 
ring" for two or more). Single ring events are further classified based on whether 
the ring originates from an electron ("e-like") or a muon ("/i-like"). Identifi- 
cation of the final state lepton is not possible for multi-ring events. Events in 
which the final state lepton (usually a muon) exits the fiducial region are consid- 



ered partially-contained ("PC") and treated separately |27] from fully contained 
("FC") events. 

Turning first to the total rate, two independent published analyses ("A" and 
"B") ||2^ for the sub-GeV events, and a separate analysis for multi-GeV events 
HI], give 

= 0.61±0.03(stat.)±0.05(syst.), sub-Gev,A (15) 

^Data/MC = 0.65 ± 0.03(stat.) ± 0.05(syst.), sub - GeV, B (16) 

= 0.65±0.05(stat.)±0.08(syst.), multi - GeV (17) 

The most recent results [29| combining FC and PC muons are 



^Data/MC = 0.67 ± 0.02 ± 0.05 , sub - GeV (18) 

= 0.66 ± 0.04 ± 0.08 , multi - GeV (19) 
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Rate Analysis 


Zenith Angle Analysis 


Analysis A Data Monte Carlo 


sub-GeV 


Data 


Monte Carlo 


single-ring 1883 2030.5 
e-like 983 821.2 
/x-like 900 1218.3 
multi-ring 784 759.2 


single-ring 
e-like 
//-like 
multi-ring 


2389 

1231 

1158 

911 


2622.6 

1049.1 

1573.6 

980.7 


total 2579 2789.7 
i? = 0.61 ± 0.03 ± 0.05 


total 


3300 


3603.3 


Analysis B Data Monte Carlo 


multi-GeV 


Data 


Monte Carlo 


single-ring 2008 2185 
e-like 967 812.1 
/x-like 1041 1364.8 
multi-ring 642 631.3 


single-ring 
e-like 
;U-like 
multi-ring 


520 
290 
230 
533 


531.7 

236 

295.7 

560.1 


total 2650 2817.2 
i? = 0.65 ± 0.03 ± 0.05 


total 


1053 


1091.8 




PC 


301 


371.6 



Table 1: Numbers of events used in rate and zenith angle analyses. Left panel 
are number of events of various types used in two separate rate analyses from 



|28|. Right panel are the event categories used in the zenith angle analysis |25|. 



The dominant uncertainty in each analysis comes from the calculation of the 
i/^/fe flux ratio (5%) and the neutrino charged current and neutral current cross 
sections (3-3.5% each). The shape of the momentum distribution of the final 
state lepton in single-ring events agrees with the Monte Carlo expectation, hence 



R 



Data/MC 



appears to be independent of energy. 



Combining the statistical and systematic errors in quadrature gives 



-^Data/MC < 0.78 at 



c.l. 



The average neutrino flight path is 6000 km, which gives 
(5M2 > 2 X lO-^eV^ at 95% c.l. 



(20) 



(21) 



Since the number of oscillations depends on neutrino flight distance, -RData/MC 
should vary with the zenith angle. So too should the f^ event rate and/or the 
fe event rate out of which i?Data/MC is formed. The direction of the final state 
lepton approximates the neutrino flight direction within 55° at p/=400 MeV/c 
and 20° at pi=l GeV/c. The path length is a very strong function of zenith angle: 
the average flight length for neutrinos produced above the horizon (cos^^ > 0) 
is 74 km while the path length for those produced below the horizon (cos 6z < 0) 
is 6500 km. As previously argued, in the absence of oscillation the detected 
flux of multi-GeV neutrinos is expected to be up-down symmetric, and detailed 
calculations indicate that any asymmetry should be less than a few percent. 

Let A = (U — D)/(U + D) be the asymmetry between the number of upward- 
going {cos 9z < —0.2) muons, U, and the number of downward-going (cos 6*^ > 
0.2) ones, D. From the data in Table [l|, published in |25], 



A 



-0.296 ± 0.048 ± 0.01 multi - GeV, FC -F PC // 



(22) 
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The updated result is |29| 



A = -0.311 ± 0.043 ± 0.01 multi - GeV, FC + PC /i. (23) 

In both cases, the asymmetry for electron events is consistent with zero. 

The nonzero asymmetry for neutrino induced muon events clearly indicates 
something is happening: muon neutrinos are being lost as they transit the earth. 
The detailed zenith angle distribution is well fit by the hypothesis that the disap- 
pearing muon neutrinos are undergoing two-flavor oscillation into tau or perhaps 
sterile neutrinos.0 Assuming v^^Vt, the favored values of the oscillation param- 
eters are 

5 X 10""^ < 5M^ < 6 X lO^^eV^ and sin^ 29 > 0.86 (24) 

from the published analysis. For the updated results, with maximum mixing, 
which is favored, the 95% c.l. interval for 6M^ is 

1.5 X 10"^ < (5M2 < 6 X 10^3 eV^ . (25) 

The allowed oscillation region is shown in Figure |5|. 

Neutrino decay has been considered as a mechanism to account for the loss of 



muon neutrinos traveling through the earth |18|. Although neutrino decay can 
account for the missing f^ flux, neutrino decay in vacuum does not account for 
the energy dependence of the zenith angle distribution observed experimentally. 
Including the effects of neutrino decay in matter improves the agreement some- 
what, but leads to an underestimate on the number of upward going muon events 



4.1.2 Comments on the Results 

At this point, it is useful to consider the numbers of events involved. Assuming 
the flux of electron neutrinos remains unchanged during transit through the earth, 
the number of observed e-like single ring events divided by the number expected 
gives a flux normalization of 1.17; the observed flux is 17% larger than predicted. 
Normalizing the number of expected single ring mu-like events by this factor gives 
an observed deficit of 550 mu-like events. Normalizing the number of multi-ring 
events in the same way gives a deficit of about 100 events, which is consistent 
with the number of f^ induced charged current events lost if -RData/MC=0-6- For 
the zenith angle asymmetry, ii A = —0.3, the number of upward (cos^^ < —0.2) 
mu-like single ring events, U, differs from the number of downward (cos 9z > 0.2) 
events, D, hy U — D r^ 110 for the multi-GeV single ring sample and ~ 150 for 
the sub-GeV single ring sample. Thus, the conclusion that neutrinos oscillate 
rests on the deficit of a few hundred events in the fiux ratio measurement, and 
about one hundred in the zenith angle measurement. 

Taking a critical view, several ideas come to mind. Most obviously, misiden- 
tification of cosmic rays could increase the number of downward going muons 
which, when combined with the 20% absolute normalization uncertainty, could 
give the observed asymmetry. The angular resolution on the incoming neutrino 

^Reactor neutrino oscillation experiments (see Section 6.1) probe the 1.5 x 10^'' < SAI^ < 
6 X 10~ eV region using Ve disappearance, which is not observed. By CPT conservation, 
Fe 7^ F^j => Vp. -f^ v^, and therefore the reactor experiments rule out Ufi-^Ue oscillations as the 
origin of the deficit of atmospheric muon neutrinos. 
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Figure 2: Zenith angle measurement, a) shows relation between cos^^ and dis- 
tance between production point and detector, b) shows the number of counts as a 
function of cos 9z for selected 5M'^ and maximal mixing with no angular smear- 
ing assuming 1 GeV atmospheric neutrinos. At 1 GeV, the SuperKamiokande 
angular resolution is 20°. 



direction (which arises primarily owing to the approximation of the incoming 
neutrino direction by the direction of the recoil lepton) largely washes out the 
oscillation signal and the measurement really amounts to a two bin (cos^^ > 0.2 
and cos^^ < —0.2) measurement, as clarified by Figure y. The effect could then 
be caused by an underestimate of the amount of background from downward 
going cosmic ray muons. Given that 10^ cosmic ray muons traverse the detector 
each year, even a very small error in the veto efficiency would lead to a large 
asymmetry. However, Superkamiokande's outer detector acts independently of 
the inner detector, allowing independent veto calibration of the two systems. In 
addition, no systematic variation of A is observed when the vertex cut is relaxed 
to allow events closer to the surface of the inner detector [^. The claim of 
complete absence of cosmic ray background in the final sample seems compelling. 
Geomagnetic effects could also play a large role, especially for neutrinos with 
E^ < 1 GeV which would originate from lower energy primary particles. The 
earth's magnetic field bends cosmic ray primaries below a few GeV away from the 
earth near the equator where the component of the magnetic field perpendicular 
to the direction of travel of the cosmic rays is largest (~ 0.3G). Near the magnetic 
poles, the perpendicular component goes to zero, allowing cosmic rays of all 
energies to interact in the atmosphere. Downward going neutrinos originate from 
interactions which take place at latitude 40°N, while upward going neutrinos 
originate from essentially all latitudes. One would suspect this would lead to the 
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Experiment 


Exposure 

(kt-y) 


-^Data/MC 


Soudan-2|3| 


3.9 


0.66 ±0.11+^-^1? 


IMB-3 II 


3.4 


0.80 ± 0.10 


NUSEX[lc] 


0.74 


o.96i°:i 


Kamiokande [p5|J 


7.7 


0.60lJ]:[j^ ± 0.05 sub-GeV 
0.57+f[j? ± 0.07 multi-GeV 


Frejus[|2 


1.56 


0.95 ±0.18 



Table 2: Summary of measurements of flavor composition of atmospheric neu- 
trinos from underground experiments. 



downward going neutrinos having a harder energy spectrum owing to the harder 
spectrum of the primaries. Calculation reveals the size of the effect has only a 1- 



2% impact on A |31] for the multi-GeV sample, much too small to account for the 
observed asymmetry. In addition, SuperKamiokande has measured the azimuthal 
(or "East- West") distribution of neutrino events from near the horizon |33] and 



observes the geomagnetic asymmetry predicted by [31]. 

Atmospheric neutrinos were extensively studied by the other large underground 
experiments. Almost all observe a deficit of ^u-like events leading to a low value 
for -Roata/MC ) Table |2[ Particularly significant in these results is the confirmation 
of this anomaly in both major types of detectors, water Cerenkov (Kamiokande, 
IMB-3 and Superkamiokande) and dense sampling detectors (Soudan-2). 



4.1.3 Upward Going Muons 

Measurement of the flux of upward going muons also provides information about 
atmospheric neutrino oscillations. Neutrino interactions in the rock surrounding 
the detector produce muons energetic enough (energies above a few GeV) to pass 
through the detector. The direction of the scattered lepton roughly approximates 
the neutrino direction. However, since only muons are detected, the extraction 
of an oscillation signal relies on the calculation of the normalization and angular 
distribution of the flux via Monte Carlo and is thus more prone to systematic 
uncertainty. 



SuperKamiokande [36| has measured a total of 614 upward through going 
muons with energies above 1.6 GeV. The measured flux agrees with calculation 
within the (large) errors. The zenith angle distribution peaks more sharply at 
the horizon (cos^^ ^ 0) than expected for the no-oscillation case. The best flt 
gives 10^3 < g]^,p <• j^Q-i gY2 fQj, gjj^2 20 > o.4. The flux is 14% lower than 



predicted in |Lq| . 

A measurement of the upward going muon flux by the MACRO experiment |37 
also differs from the no oscillation expectation. MACRO, a 5 kiloton detector, 
uses streamer tubes and scintillator to measure the trajectory and velocity with 1 
cm and 1 ns precision, respectively, allowing the measurement of upward through 
going muons produced by neutrinos with energies E^ = 1 — 100 GeV. A total 
of 451 u induced events are measured (479 with a background of 28 it 7) while 
612 are expected and, as with SuperKamiokande, the zenith angle distribution 
peaks somewhat more at the horizon. A fit to the zenith angle distribution gives 
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2 X 10"'' < 6AP < 2 X 10-2 eV2 for sin^ 261 > 0.5. 

4.1.4 Summary 

In summary, a deficit of f^ induced events appears in almost all of the measure- 
ments, the most precise of which comes from SuperKamiokande. In addition, 
SuperKamiokande measures a zenith angle dependent v^ flux which, although 
statistically less significant, is less prone to theoretical uncertainty than the flux 
measurement. The data are well fit by the hypothesis of neutrino oscillation. The 
measurement of the upward going muon flux and the agreement between the pre- 
dicted and measured azimuthal f^ induced event asymmetry provide important 
supporting evidence in favor of this hypothesis. 

4-2 Solar Neutrinos 

The sun produces electron neutrinos via nine principal reactions in the pp chain, 
starting with the fusion of two protons to make a deuteron and ending with the 
production of ^He |3^]. The neutrino energies range from to 15 MeV and three 
of the fusion reactions result in mono-energetic fg's at 380, 860 and 1400 keV, 
Figure ^. The calculation of the solar neutrino flux |39] has an uncertainty of less 



than 3%, and therefore one can probe for neutrino oscillation by searching for u^ 
disappearance. 

4.2.1 Experiments and Results 

Three different types of experiments have measured the solar neutrino flux. Ow- 
ing to the different experimental techniques, each measures a different portion of 



the neutrino energy spectrum. Water Cerenkov pl| , 24, 42, |4^ counters detect 
neutrinos via i^e + e"— >i/e + e~ and, owing to their relatively high energy thresh- 
old of 5-7 MeV, detect only the upper part of the ^B u^ spectrum. The original 
solar neutrino experiment |^^ relies on the reaction u^.+^'^Cl -^^"^Ai+e' in per- 
chloroethylene, which has a threshold of 814 keV, giving sensitivity to the ^B, '''Be, 
and pep neutrinos and the upper part of the CNO spectrum. Finally, the SAGE 
p5| and Gallex |Q experiments use the capture reaction z^e+^^Ga ^•'''"^Ge-l-e- 
in metallic gallium (SAGE) or gallium chloride (Gallex) with a threshold of 232 
keV. This provides a window for detection of the pp V(,s. The fluxes observed 
by the various experiments are compared in Table ^ with the values predicted 
assuming that neutrinos do not oscillate. 

These experiments have very different systematic effects. The v^. + e"— >z/e -|- e~ 
elastic scattering used by the water Gerenkov experiments gives a correlation 
(within about 25°) between the recoil electron and the incident neutrino direction, 
allowing the rejection of the isotropic backgrounds from the gamma ray photons 
emitted by radio-contaminants in the detector itself. Decay products from ^^O 
created by spallation reactions induced by cosmic ray muons are also a serious 
background and are rejected via time and spatial correlation with the track from 
the cosmic ray muon entering the detector. The clear correlation between the 
sun's location and the incident neutrinos (see [^], Figure 2) gives a large measure 
of comfort that the observed events are the result of stellar processes. 

The other three experiments rely on the exposure of a large target mass to the 
Vf, from the sun, which convert a few atoms per day in the target to a radioactive 
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Figure 3: Energy spectrum at earth of solar neutrinos. The flux for lines 
is given as neutrinos cni~^-s. The continuous spectra are in units of neutrino 
cm-7MeV/s. From [||]. 



daughter (via induced beta decay), which is then removed from the target mass 
chemically and detected via the x-ray from electron capture induced decay. For 
both the chlorine and gallium experiments, the daughter nucleus was extracted as 
a gas and detected in proportional counters via the subsequent electron capture 
decay. The collection efficiency is close to 100% and detection efficiency around 
50%. Background enters primarily through the counting procedure where cos- 
mic ray muons and gammas from radio-isotope contamination (primarily from 
airborne radon) contribute about 10% to the overall counting rate. While the 
nature of the experiments does not allow direct verification that the neutrinos ac- 
tually come from the sun, both gallium experiments performed calibrations using 
a ^^Cr |47] source which provided 751 keV fg via e~-|-^^Cr — >^^V +fe. In both 



cases the calibration confirmed the expected collection and counting efficiencies. 



with R, 



■calib/calc 



83 ± 10% for Gallex and 95 ± 111^ for SAGE. 



The original observation of solar neutrinos was made by the Homestake ex- 
periment |M4[, which has been in operation almost continuously since 1970. The 



target consists of 615 metric tons of C2CI4, which provides about 2 x 10 target 
^^Cl atoms. Solar neutrinos with energies above 814 keV are absorbed via the re- 
action i^e+^^Cl — >^'^Ar +e~ to give '^^Ar which decay via electron capture with a 
half-life of 35 days. The measurement is performed as a series of exposures of four 
to six weeks during which time the concentration of ^'^Ar builds up to saturation. 
The ^^Ar is then extracted by bubbling helium through the tank and chemically 
separating the ^"^Ar into a proportional tube where the number of ^'^Ar atoms 
are counted via the detection of the Auger electron from their electron capture 
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Target 


Experiments 


Observed/Expected 


Rate 


Source 


^^Cl 


Homestake 


U.66I 0053 




8B/Be 


71 Ga 


SAGE 
Gallex 


nr.-iQ +0.070 

u.oiy _o.o66 
0.605 tlT4 




pp,pepjBe 


H2O 


SuperKamiokande 
Kamiokande 


n 470 +o-°'3i 
56^'« 

•J-^t) -0.054 




8B 



Table 3: Results from solar neutrino experiments. Expected fluxes are from 



decay. 

In addition to a measurement of the total flux of solar neutrinos above 5.5 MeV, 
SuperKamiokande |43] has measured the recoil energy spectrum of electrons above 



5.5 MeV, which gives an indication of the energy spectrum of solar neutrinos. The 
energy scale is calibrated to a precision of 0.8% at 10 MeV using a combination of 
a dedicated LINAC, ^^N (from muon spallation) and muon decay. The resulting 
spectrum is harder than expected even for the MSW oscillation result favored 
by the total rate measurements. An earlier, much less precise measurement p^ ] 
showed no disagreement with the expected flux. 

SuperKamiokande has also measured the variation of the solar neutrino flux 
depending on whether the neutrinos from the sun pass through the earth or 
not (the "day/night" effect) |Q. Day/night variation could be caused by MSW 
oscillations in the earth. The measured flux ratio is 

-^^^ = 1 + 0.047 ± 0.042(stat.) ± 0.008(syst.) (26) 

^day 

indicating no day/night effect at the 10% level. 

4.2.2 Combined Analysis and Future Probes 

Several combined analyses of all the solar neutrino data have been carried out 



1 39, 48]. Perhaps the most impressive allows normalizations of the pp, ^Be, ®B 
and CNO neutrino spectra to vary while assuming that neutrinos do not oscillate. 
No combination of normalizations reproduces the observations with significant 
compatibility, indicating that some new phenomenon, consistent with neutrino 
oscillations, takes place regardless of the details of the solar model. If one assumes 
that solar neutrinos do undergo oscillations, either of the MSW variety within the 
sun, or of the vacuum variety between the sun and the earth, then a good fit to 
all the solar neutrino data, apart from the new data on the energy spectrum, can 
be obtained. The best fit global solutions are summarized in Table ^. Inclusion 
of the limit on the day/night variation tends to push the lower limit on 6M'^ to 
above 10~^ eV^ for the large-angle MSW solutions E^, |50|. 



All the results in Table |^ are in some contradiction with the SuperKamiokande 
recoil spectrum measurement, with the largest deviation being at the highest 
electron recoil energies. It will be interesting to see how this situation evolves as 
the spectrum measurements become more precise. 

Whether the electron neutrinos produced in the sun oscillate to active (f^ or 
I'r) or sterile neutrinos will be largely resolved by the Sudbury Neutrino Ob- 
servatory (SNO) ||5l| experiment, which will begin operation next year with a 
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Type 




Large angle 


Small angle 


MSW Ue- 


■^l^Active 


6M'' = 1.8 X 10-^eV^ 
sin^ 2^ = 0.76 


6M'' = 5.4 X lO-'^eV^ 
sin2 29 = 6.0 x lO'^ 


MSW Ue- 


■^I'Sterile 




6M'^ = 4.3 X lO-'^eV^ 
sin2 26 = 6.9 x lO'^ 


Vacuum 




dM'^ = 8.0 X 10-^^eV^ 
sin2 20 = 0.75 





Table 4: Best fit results to all solar neutrino flux data 



target of 1 kiloton of heavy water (D2O). The use of a heavy water target allows 
the simultaneous measurement of the charged current and neutral current cross 
sections via 

i^e + d ^ P + P + e'iCC) (27) 

u^ + d ^ p + n + iy^{NC), (28) 

where i/^ refers to I'e, ^^i or Vr- The first reaction will measure the flux of solar 
i^e, while the second reaction will measure the total flux of v^, v^ and Vr- If the 
MSW effect or vacuum oscillation converts solar electron neutrinos into sterile 
neutrinos, the rate for the second reaction will be lower than if the conversion is 
to active neutrinos. The SNO experiment will be sensitive only to '^B neutrinos. 
The rates expected assuming 50% of the solar neutrinos oscillate are 5.5 NC 
events per day (assuming 40% detection efficiency) and 12.7 CC events per day. 
Thus, the experiment should resolve the situation after two years of operation. 
The heavy water target is surrounded by a 7800 ton pure water buffer and is 
viewed by 9456 photo- multiplier tubes. The Cerenkov ring from each final state 
charged particle gives its direction, and the number of Cerenkov photons gives the 
particle's total energy. The neutrons produced in the neutral current scattering 
are detected by delayed coincidence; they first thermalize in the target and are 
subsequently captured on a proton, giving a 2.2 MeV gamma ray. 

In the coming years, SNO, SuperKamiokande and BOREXINO will make im- 
portant inroads in the measurement of the solar neutrino energy spectrum. In 
particular, BOREXINO [g^], located in the Gran Sasso, will measure the ^Be 
neutrino flux using z^e + e~— >z^e + e~. The detector consists of 300 tons of very 
high radio-purity scintillator (less than 10~^^ g of U, Th and Rn per gram of 
scintillator) viewed by 2000 photo-multiplier tubes. The arrival time of the scin- 
tillation photons at the PMT will be used to locate the event vertex inside a 100 
ton fiducial volume and the total signal from all PMTs will give the energy of 
the recoil electron. BOREXINO plans to achieve a 250 keV threshold, which will 
allow the detection of '^Be fg which will create recoil electrons up to 660 keV. 
For the standard solar model with no oscillations, the count rate is expected to 
be 55 events per day. If the MSW effect is operative, the count rate would be 
reduced, and its value may discriminate between the large and small angle MSW 
solutions. In addition, the high statistics of BOREXINO will allow the seasonal 
variation to be measured, which is expected to be large if vacuum oscillations are 
taking place. 

The next few years should see a resolution of the solar neutrino problem: we 
can expect measurements of the Ve energy spectrum at several points which will 
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distinguish between the small- and large-angle MSW possibilities. Measurements 
of the seasonal variation will determine if vacuum oscillations are taking place. 
Finally, comparison of the neutral and charged current rates will clarify the role 
of sterile neutrinos. 

4-3 The LSND Experiment 

To date there are only two claimed positive observations of neutrino oscillations 
from an accelerator-based neutrino source, both from the LSND (Liquid Scin- 
tillator Neutrino Detector) experiment at the LAMPF neutrino source. LSND 
has not only the sole observation of oscillations from human-made neutrinos, 
but also the only appearance signal among our three hints of oscillations. The 
LAMPF accelerator produces a large current of nearly relativistic protons, and 
a large number of tt^ are produced in a long water target upstream of a copper 
beam stop. Most of these protons come to rest and then decay via the familiar 
chain, vr"'" — > /x+f^, ^'^ -^ e^fgl^^, where the muon decays at rest. The charge 
conjugate chain beginning from vr" is suppressed by approximately three orders 
of magnitude, roughly one each from production, absorption of 7r~ in the beam 
stop, and atomic capture of /u~ before decay [£^. Therefore, a Fg appearance 
signal is relatively free of beam-induced backgrounds. LSND also searches for 
the appearance of high-energy u^ (above the endpoint of fj,~^ -^ e^V^v^ decay 
at rest), which could result from 7r+ -^ ^'^A*'*' in flight, and u^ -^ Uf, |Q. The 
experiment observes significant excesses of both Fg and v^., which it attributes 
to V^ -^ Fg from muon decay at rest and i/^ -^ u^ oscillations from pion decay 
in flight, respectively. The Fe appearance signal is more significant than the I'e 
signal because of higher statistics, and lower beam-related and detector-related 
backgrounds. 

The two favored regions in the space of two generation oscillation parameters 
for the interpretation of these excesses are shown in Figure ^. The two favored 
regions in this space are consistent. After background subtraction, the mean 
energy of the excess Fe is roughly a factor of two lower than the mean energy of 
the excess u^, and thus the two appearance experiments are sensitive to different 
6M'^. The high 6M'^ oscillation probabilities from F^(f^) — > Fe(i^e) in the two 
analyses are presented as (3.1^^:^ ± 0.5) x 10"^ and (2.6 ± 1.0 ± 0.5) x 10"^, 
respectively. The Ve analysis observes an excess with a somewhat harder energy 
spectrum than f^ oscillations might predict and therefore weakly favors high 
6M'^. The Fe analysis strongly favors low 5M^. 

On the face of it, LSND's statistical evidence, at least for the Fe appearance 
observation, is overwhelming. Suggestions have been made that one portion of 
the Fe suppression in the vr" decay-at-rest chain could be significantly altered, 
by, for example, meta-stable tt~-N bound states, but there appears to be no 
compelling case for proving such a hypothesis. Another alternative to an oscil- 
lation explanation is the production of unexpected Fg in the LSND decay chain 
via lepton-flavor violating processes in left-right symmetric models, in R-parity 
violating SUSY and in model- independent frameworks [^5[. Such processes are 
strongly constrained by existing data on rare muon decays and on muonium- 
antimuonium conversion, and do not appear to yield a convincing non-oscillation 
explanation at this time. 
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Figure 4: The 95% C.L. regions for 17^ -^ Vg and f^ -^ v^ oscillations from the 
LSND Fe and v^ excesses. (Data provided courtesy of the LSND collaboration.) 
Shown also are the 90% C.L. exclusion curves for the ongoing KARMEN2 experi- 
ment (preliminary limit provided by courtesy of R. Maschuw) as of January 1999, 
for the Bugey reactor experiment, and for BNL-E776. Higher 5M'^ are ruled out 
by CCFR, NOMAD and NuTeV data. Two points in the LSND-favored region 
from the Vg appearance analysis are shown to guide the eye. 
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4.3.1 LSND AND COMPETING NULL RESULTS 

While LSND is the only accelerator experiment to observe oscillations to date, 
many other experiments have probed oscillations in regions of the favored LSND 
oscillation parameter space. These competing experiments can be grouped into 
three categories: experiments with a similar beam and energy range (KARMEN 
and KARMEN2), reactor experiments and high-energy experiments. 

The KARMEN and KARMEN2 experiments at the ISIS neutron spallation 
facility use a beam, like the LSND beam, produced primarily from pion decay 
and muon decay at rest. However, the 100 ns pulsed KARMEN beam has a very 
low duty cycle (~ 10~^) and allows for time-based separation of 7r+ and fi~^ decay 
products. The KARMEN experiment had a significant background from neutrons 
produced in the shielding which limited its sensitivity; however, the KARMEN2 
upgrade has reduced this background enormously pql . 

Based on a nearly 3000 Coulomb exposure, KARMEN2 initially reported a 
signal of i^e candidate events where a background of 2.88 ib 0.13 events was 
expected [^. However, an updated analysis based on nearly 4000 Coulombs with 
looser cuts now reports 7 observed events with an expected background of 9.3 



events [57]. Despite seeing no signal, KARMEN2 currently lacks the sensitivity 
to convincingly rule out the LSND observation. However, should KARMEN2 
improve its sensitivity and continue to see no evidence of oscillation into Vg, it 
may call into question the reproducibility of the LSND 77g excess, since the beams 
and detection mechanisms are so similar. 

Reactor experiments, which are discussed in more detail in Section S.l, are 
disappearance experiments at low neutrino energy and are therefore sensitive to 
high sin^ 26 and low (5M^ . The observation of no oscillation signal from the Bugey 
experiment in the Vg -^ Fg channel limits the possible 17^ -^ Ve probability, and 
therefore excludes the LSND favored region at high mixing angle. 

High-energy accelerator experiments currently suffer from generally insufficient 
L/E to probe the LSND 5M^ "knee" in Figure H. Most accelerator experiments 
also probe primarily v^^f Uf,-, although the NuTeV experiment expects to be sen- 
sitive to the LSND region above dh'P of ~ 20 eV^ in its V^ beam |§. CCFR p|] 



and NOMAD [30| rule out the LSND favored region above 25 and 10 eV , respec- 



tively, and the result from BNL-E734 |61] rules out much of the LSND favored 
oscillation parameters in the same SM"^ region. BNL-E776, with its sensitivity to 
larger L/E comes the closest of any existing experiment to overlapping the LSND 



favored region |6|1. Like KARMEN2, BNL-E776 cannot probe the entire LSND 
favored region in the Ve signal at lowest SM"^. However, the BNL-E776 result 
does exclude the most probable values from the LSND decay- in-flight analysis, 
as shown in Figure §. 

4.3.2 FUTURE TESTS OF THE LSND RESULT 

Future accelerator experiments are planned to search for oscillations in the LSND 
favored region. An experiment, BooNE ||6^ , has been approved for single-detector 
operation at Fermilab, and an experiment at CERN with a similar baseline and 



beam energy, 1-216 [34j, is also being proposed. Both experiments hope ultimately 
to use neutrino beams of about 1 GeV to study Ve appearance in detectors at two 
different values of L. Because of the energy regime, both experiments expect large 
detector and beam backgrounds to Ue appearance; however, this next generation 
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of experiments should have the raw statistical power to convincingly address the 
entire LSND favored region. 

5 A COSMOLOGICAL CONSTRAINT ON NEUTRINO MASS 

We now turn from the positive hints of neutrino mass to a discussion of the 
constraints on this mass from cosmology and from negative laboratory searches. 

Owing to the great abundance of neutrinos in the universe, even tiny neutrino 
masses can lead to a significant neutrino contribution to the mass density of the 
universe. As a result, our information on this mass density provides a fairly 
stringent upper bound on neutrino mass. 

Increasing evidence from several sources suggests that [ 35 , p3] 



^M = 0.1 - 0.4 , (29) 

where rijv/ is the total mass density of the universe, as a fraction of the critical 
density required to stop indefinite expansion. This I^m includes a contribution 
from baryons. Very likely, it also includes a contribution from non-baryonic Cold 
Dark Matter (CDM) particles, which are much heavier than neutrinos. These 
heavier particles appear to be needed to help seed the early-universe formation of 
the observed galactic structure. Finally, Qm may include a contribution from Hot 
Dark Matter (HDM) particles. These are long-lived particles with masses much 
less than 1 keV, which would have been relativistic at the early time important 
for galactic structure formation. If neutrinos are massive, their contribution to 
r^jvf , ^u, is a part of the HDM contribution. 

The HDM part of the mass density cannot be too large, because in the early 
universe any HDM would have acted as a drag interfering with the formation of 
the observed galactic structure. From this fact, the bound Qm ~ 0.4 (Eq. (p9|)), 
and the fact that some of 0^ comes from baryons and from non-baryonic CDM, 
one may conclude conservatively [^ that the HDM part of Om does not exceed 
0.2. This means that, in particular, Qi, ;$ 0.2. 

For any neutrino mass eigenstate Vm which is a constituent of active flavor 
neutrinos, the present number density in the universe is fixed at 115/cc by thermal 
equilibrium in an early era [E^] . Thus, if Um has mass M^, its present mass density 
is 115 Mm/cc. Now, the present critical density is 1.05 x lO^/i^ eV/cc, where h 
is the Hubble constant in units of 100 km/sec/Mpc. Hence, assuming h ~ 0.65, 
the contribution of Um to Oj/ is Mm/40 eV. If Ue, i^^, and Ur are made up out 
of three mass eigenstates with masses Mi, M2, and M3, these mass eigenstates 
together yield 

n^ = (Ml + M2 + M3)/40 eV . (30) 

Requiring that fli, < 0.2, we obtain the cosmological upper bound on neutrino 
mass 

Ml + M2 + M3 < 8 eV . (31) 

6 NEGATIVE SEARCHES FOR NEUTRINO MASS 
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6.1 Reactor Oscillation Searches 

Nuclear power reactors have always played a central role in neutrino physics. 
Neutrinos were first observed at a reactor ||6^ using 

Ve+p^n + e^. (32) 

The positron is detected via its ionization energy followed by detection of the 
Compton scattering of the two 511 keV gammas from the annihilation with an 
electron at rest. The neutron thermalizes and is then captured by a stable isotope 
(in this case cadmium) with a high capture cross section to form a gamma emitter 
whose gammas are then detected. This gives a double delayed coincidence which 
provides a powerful means for background rejection. Reactors emit 8 x lO^'^zz/s 
per gigawatt (electrical) power, so a one ton target mass 100 meters from a reactor 
core will detect a few neutrino events per hour. The neutrinos emitted by the 
reactor have an average energy of 3 MeV, so this type of experiment allows the 
probing of the 6M'^ ~ 10~^ eV^ region. Owing to the low neutrino energy, only Fg 
disappearance experiments are possible, restricting the sensitivity to the mixing 
angle to sin^ 29 > 0.1. 

Two first generation reactor neutrino oscillation experiments probed the 5M'^ ~ 



lO^^eV range |69]. Both were one ton target masses at L = 100m and used 
^He filled wire chambers to detect the neutron, giving efficiencies of around 15- 
20%. In both experiments, data was taken at different distances from the reactor, 
allowing two different measurements. The first was the comparison of the positron 
energy spectrum between different distances; the oscillation pattern depends on 
L/E, so changing L would change the neutrino energy spectrum and thence the 
positron energy spectrum. This allowed the measurement to be performed with 
no a priori knowledge of the neutrino energy spectrum from the reactor. In the 
second analysis, the knowledge of the fuel composition in the reactor core was 
used to calculate the expected flux which could then be used to compute the 
expected positron energy spectrum at a given distance. Different calculations of 
the flux were found to agree at the 3% level with dedicated measurements [^] , 
removing the necessity of moving the detectors in future, larger experiments. 

The current generation of reactor oscillation experiments, Chooz ||7l| and Palo 
Verde [^], have target masses of several tons (5 t and 12 t, respectively) and are 
located roughly 1 km (0.74 km and 1 km, respectively) from the several reactors. 
Both use liquid scintillator targets loaded with 0.1% Gd (by weight), which has a 
high neutron capture cross section and which radiates 8 MeV of gamma rays after 
capture. This detection scheme gives a significantly higher detection efficiency 
for the neutrons, resulting in higher performance overall. 

Both experiments report null results and rule out Ve^Vx oscillations for 5M^ > 
9x 10~^eV'^ and sin^ 29 > 0.1, Figure ^. Combined with the atmospheric neutrino 
measurements from SuperKamkiokande, the reactor measurements indicate that 
at the 90% confidence level, the atmospheric v^ oscillate into fr or a sterile 
neutrino, rather than into fg. Both reactor experiments are continuing to run and 
will eventually reach 5M'^ ~ 10~^eV^ for large mixing angles. If no oscillation 
effect emerges, they will completely exclude f^— >fe as the primary oscillation 
process observed by SuperKamiokande. 

A very ambitious experiment, KAMLAND W^, seeks to use the old Kamiokande 
site to situate a 1 kiloton detector 150 km from a complex of several reactors, 
giving a sensitivity of SM"^ ~ 2 x 10~^ eV^. As KAMLAND is a disappearance ex- 
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Figure 5: Exclusion plot for reactor neutrino experiments. Also shown is the 
allowed region from the atmospheric experiments. The dotted line in the Su- 
perKamiokande region indicates a lower bound on 5M'^ obtained from Ref. |36|, 
an analysis of upward-going muon data. 
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periment, it would only be sensitive to sin^ 26 > 0.1 and would effectively resolve 
between the large and small angle MSW solutions to the solar neutrino measure- 
ments. KAMLAND would use a large scintillator target viewed by roughly 2000 
phototubes, giving a signal rate of two events per day. It is thought that through 
careful selection of construction materials and purification of the scintillator tar- 
get, the background rate could be reduced to 0.1 events per day. KAMLAND is 
planning to take data for three years starting in 2001. 

The scattering of reactor neutrinos from electrons at low energies may be used 
to measure the neutrino magnetic moment //j^. In the standard model, /ijy ~ 
10^^^M,y(eV) fiB for Dirac neutrinos and fi^ = for Majorana neutrinos; in 
both cases too small to explain any of observed oscillation effects. The current 



laboratory limit is /ijy < 10 ^^fiB at 95% c.l. |74|. In the near future, the MUNU 
collaboration plans to use a 1 ni'^ TPC with a recoil electron threshold near 100 



keV to push the sensitivity to 3 x 10 ^b |75] 



6.2 Accelerator Oscillation Searches 

Aside from the appearance signal at the LSND experiment that was discussed 



in Section |4.3| , there is no other evidence for neutrino oscillations observed in 
accelerator-based experiments. Nevertheless, accelerator experiments are the pre- 
ferred venue for studying neutrino oscillation phenomena because of the ability 
to control and vary L/E (and thus SM"^ sensitivity) in a neutrino beam and the 
ability to precisely determine flavor content of the neutrino beam at the point 
of creation. However, the practicalities of accelerator experiments place severe 
restrictions on our ability to probe the L/E regions favored by current non- 
accelerator observations of oscillation. In this Section, we summarize the current 
capabilities and status of accelerator experiments, as well as future expectations. 
High intensity neutrino beams at accelerators are typically produced by high 
energy hadronic interactions in a fixed target which copiously produce forward 
secondary mesons, vr and K in particular. These mesons can then be captured 
and focused parallel in electromagnetic beam optics, where the mesons are then 
allowed to decay weakly to a tertiary "beam" of neutrinos, predominantly f^ and 
17^. The efficiency for this process varies with the type of beam optics and primary 
beam energy, but 10~^-10~^ neutrinos per incident hadron is a representative 
range. Because the neutrinos cannot be subsequently focused, at long distances 
L from the production point the neutrino fiux varies with L~^. Experiments 
may be roughly divided into two categories, short-baseline experiments which 
locate their detectors as close as possible to the point of neutrino production 
to maximize statistics, and long-baseline experiments which pick a longer L in 
order to tune L/E sensitivity to the desired range. Contemporary high energy 
neutrino beams optimized for statistics run at beam energies from a few GeV 
to a few hundred GeV, and shielding concerns require an L of 100 m-1 km, 
thus setting the "natural" range of SM"^ sensitivity at 10-100 eV^. Lower 6M'^ 
sensitivity, made interesting by the solar and atmospheric neutrino oscillation 
signals, requires longer L and/or lower E. Lower E allows the use of more 
intense primary beam sources to generate the beam, but decreases the neutrino 
cross-section (roughly proportional to ^/s) and increases the beam divergence 
(roughly proportional to 7^^, the inverse Lorentz factor for the weakly-decaying 
parent particle). Charged-current production of r leptons from nuclear targets 
has a neutrino energy threshold of m-r + m'^/2mj\[ ~ 3.3 GeV and suffers from 
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Experiment 


(E.) 


Baseline 


Fiducial Mass 


u^iv;) CC/yr 


CCFR/NuTeV 


100 GeV 


1 km 


350 ton 


lO*' 


CHORUS 


30 GeV 


0.6 km 


0.8 ton 


3x 10^ 


NOMAD 


30 GeV 


0.6 km 


3 ton 


105 


MINOS 


5-15 GeV 


730 km 


3.3 kton 


10^^-3 X 10^ 


K2K 


2 GeV 


250 km 


22 kton 


5 X 10^ 


1-216 


1.5 GeV 


1 km 


150 ton 


5x 10^ 



Table 5: Approximate neutrino beam and detector parameters for a selection of 
current and near future accelerator-based neutrino oscillation experiments. The 



mean Ejy refers to observed neutrinos. 



significant mass suppression until E is far above this threshold. Longer L results 
in an L~^ decrease in statistics as noted above. The argument has been made 
l^ j that in a long-baseline appearance experiment the number of observed wrong- 
flavor neutrinos when 5M^(eV^)L/i?(km/GeV)<C 1 is constant with L; however, 
it should be noted that backgrounds will not be constant with L and that an 
experiment with 5M'^L/E <^ 1 leaves no possibility to measure SM'^. Some 
neutrino beam and detector parameters for current and planned experiments are 
summarized in Table ||. 

The most sensitive current results come from several generations of experiments 
with relatively short baselines, and therefore little sensitivity to the 5M'^ of the 
three current neutrino oscillation observations. The most sensitive f^ — > Vr 
searches to date come from the CHORUS and NOMAD experiments at CERN, 
which set upper limits in sin^ 26 of ~ 1-3 x 10~^ at their peak sensitivity around 



SM'^ of ~ 30 eV^, and which exclude 6M'^ above ~ 2 eV^ at maximal mixing |77, 
[Tq ]. Both experiments expect to improve their mixing angle limits significantly 
when all their data is analyzed. The most sensitive searches for Up, — > z^^ oscillation 
come from the CCFR/NuTeV 



I, NOMAD |6g], BNL-E734 pi and BNL-E776 
[^] experiments, and these results were discussed in Section [4.3| and displayed in 
Figure §. 

The next generation of oscillation experiments offers significant hope of prob- 
ing the oscillations reported by the LSND and atmospheric neutrino experiments. 



Experiments targeted on the former (BooNE, 1-216) were discussed in Section 4.3. 
The long-baseline experiments searching for evidence of the latter include MINOS 
at Fermilab-Soudanpl, K2K at KEK-Kamiokande |0|, and ICARUS |l|, NOE 
p^ ] and OPERA ||8S] at CERN-Gran Sasso. By virtue of their L/E ratio, each 
of these experiments has a peak sensitivity at 6M'^ ~ 10~^ eV^. Their Ur appear- 
ance capabilities differ substantially, however. Most notably, by virtue of its low 
energy beam, K2K only has the possibility to detect Ur through neutral current 
interactions, such as UrN -^ i/t-vt^X. 

Studies of CP violation in the atmospheric region of 6M'^ are potentially in- 
teresting because an observed CP asymmetry would indicate that there are at 
least three neutrino mass eigenstates participating in the observed oscillation. 
Unfortunately, the most easily accessed signal for CP violation, -P(f/^ — > ^e.r) 7^ 



P(P, 



^e,T 



I, can be contaminated by the presence of "fake CP" asymmetries 



from the interactions of the beam with the matter of the earth |84| . A cleaner 



signature would be evidence of T violation from P(f/j 



e,Ty 



/ P{l^e,T -^ l^fi), 



which would not be available to this generation of long baseline experiments. 
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Figure 6: Electron spectrum at endpoint |86| for differing neutrino masses fi. 

In the far future, some of the cleanest and most intense neutrino beams may 
come from a muon collider facility, either in the form of low energy beams from 
the muon source, or from fi~^ — > e^Vgi^ decays. An analysis of a beam generated 
by decays in a 10 GeV muon storage ring and observed on the other side of the 
earth [gg] shows an L/E reach ~ 10^ km/GeV with a potential to probe low 
mixing probabilities even for modest muon production rates. 

6. 3 Kinematic Searches for Mass 

Unlike searches for neutrino oscillations, kinematic searches are sensitive to non- 
zero neutrino masses in the absence of flavor or neutrino-antineutrino mixing. We 
discuss two important kinematic techniques which have placed stringent bounds 
on the Fe mass: /3 decay endpoint experiments, and the detection of neutrinos 
from Supernova 1987A. 

The original method for measuring the electron neutrino mass relies on the 
precise measurement of the energy distribution of electrons emitted in (3 decay 
The number of counts as a function of electron energy Eg and momentum 



Pe is P 



^ oc F{Z, Ee)peEe{Eo - Ee)^j{Eo-EeY-Mi . (33) 

Here, F is the Fermi function, Z the charge of the nucleus, and Eg the Q value 
of the decay neglecting the neutrino mass M^. The neutrino mass is extracted 
from the electron energy spectrum by fitting the endpoint region of the spectrum 
with M^ as a free parameter. The square of M^ appears because the sensitivity 
to Mjy resides in the curvature of the spectrum at the endpoint rather than the 
zero crossing. Figure y. The most sensitive experiments use the decay 

^H^^He + e- + Ue, (34) 

which has an endpoint energy of 18.5901ib0.0017 keV [p8| . This elegant method is 
hampered by low count rates in the endpoint region (if Afj, = 5 eV, the fractional 
change in the total number of counts is 3 x 10~^^) and detector resolution, which 
tends to smear counts to higher energies, thus masking the effect of a massive 
neutrino. 

Kinematic measurements require large sources and long running periods to ac- 
cumulate statistics near the endpoint, and spectrometer energy resolutions better 
than 10 eV. In addition, atomic effects and electron energy loss in the source and 
spectrometer must be understood and accounted for at the few electron volt level 
| |89| . Table summarizes the measurements since 1990 and shows an asymptotic 
approach to M^, ~ 1 eV. 
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Experiment 


AE 


M^ 


M^ <(95% c.l.) 




(eV) 


(eV2) 


(eV) 


LANL 32 


23 


-148 ± 68 ± 41 


9.3 


Zurich 


931 


17 


-24 ± 48 ± 61 


11 


Tokyo INS |94| 


16 


-65 ± 85 ± 61 


13 


Livermore [|95|1 






8 


160 eV range 


18 


-72 ± 41 ± 30 




900 eV range 


18 


-130 ±20 




Mainz |96|] 








137 eV range 


6 


-39 ± 35 ± 14 


7.2 


500 eV range 


6 


-117 ±18 




137 eV range 


6 


-22 ±17 ±17 


6 


Troitsk 


b? 








220 eV range 


4.3 


-22 ±4.8 


1.7 


270 eV range 


4.3 


-2.7 ±10.1 ±4.9 


4.5 


170 eV range 


3.7 


3.8 ±7.4 ±2.8 


4.4 


Combined 94-6 




1.5 ±5.9 ±3.6 


3.8 


Combined 94-7 




-2.1 ±3.7 ±2.3 


3 



Table 6: Summary of most recent kinematic searches using tritium decay. AE 
is the experimental energy resolution at the endpoint. M^ is the value extracted 
from the fit for the endpoint data, and M^, the limit from the extracted value 
given by the authors. For the Livermore, Mainz and Troitsk experiments, the 
results arising from fits to different energy ranges around the endpoint are given. 



Somewhat disturbingly, the preponderance of the earlier experiments shows a 
systematic trend of M^ < 0, indicating either a common systematic effect (for 
example in the calculation of the atomic corrections) [^ or a new physics effect 
PH]. The most recent results from the Troitsk and Mainz experiments somewhat 
mitigate this concern and give limits of Mi, < 3 eV. 

Both the Mainz and Troitsk experiments propose ambitious upgrades to probe 
the mass region below 1 eV in the next five years. Such measurements will begin 
to probe the mass region favored by the LSND result and, in concert with further 
searches for double beta decay, help resolve the properties of the electron neutrino. 
As illustrated in Figure ^, Section 0, the neutrino mass eigenstate coupled most 
strongly to the electron {ui in Figure |8|) may have a mass too small to be seen in 
■^H f3 decay experiments. These experiments must then have negative results. 

Another type of kinematic constraint can be obtained from the observation 
of a neutrino burst from a nearby supernova. Water Cerenkov detectors can 
detect the FgS in such a burst. Typical models predict a burst of > 10 MeV V^s 
concentrated in a ~ 5 second time window. By studying the observed spread of 
arrival times as a function of Ve energy in the detectors on earth, a constraint 
on the mass can be directly obtained. Such a burst was observed in the 1MB 
[p^ j and Kamiokande II |9^ detectors from SN1987A in the Large Magellanic 
Cloud at a distance of 52 kpc. Useful limits are complicated to obtain because of 
uncertainties in neutrino production models and because of the low statistics (8 
events from 1MB and 11 from Kamiokande II), but upper bounds of M^ <, 30 eV 
from SN1987A were obtained from detailed analyses of the observations and 
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astrophysical constraints |10C, 101 1. With the improvements in both tonnage 



and energy thresholds of contemporary neutrino observatories, another happy 
occurrence like SN1987A may provide additional direct z/g mass constraints. 

6.4 Double Beta Decay 

Unique amoung neutrino experiments, neutrinoless double beta decay (Oz^/5/5) 
occurs only if the neutrino is not only massive but a Majorana particle |102]. 



Oz^/3/3, the transition {N, Z)^{N — 2, Z + 2) + e~ + e~ , occurs in any case when 
the mass of the parent nucleus {N, Z) is greater than the mass of the daughter 
nucleus (A'^ — 2,Z + 2), but the experimentally most interesting cases are when 
the intermediate state {N — 1,Z + 1) has a mass greater than that of the parent 
nucleus, supressing the single beta decay {N, Z)— >(A^— 1, Z+l)+e+z^. Sensitivity 
to the Majorana mass arises because the righthanded antineutrino emitted in the 
first n— >p + e~ + Fe transition must be reabsorbed as a lefthanded neutrino in 
Ue + n^p + e~ . This reabsorption requires that V^ = fe, and for helicity reasons 
is suppressed by a factor Mn/En, where Ey is the energy of the neutrino in the 
intermediate state. As a result, the Ouf5f5 lifetime is 

{Ti/2,ouf3py^ = Go,\Mouf{M,f , (35) 

where 

{Mu) =Y.UlM,. (36) 

i 

The neutrino mass eigenstates, whose masses are Mj, must now be Majorana 
particles. Righthanded charged currents may affect the decay rate, but nonva- 



nishing neutrino mass is required for Qv(3(3 to take place [ 103 |. Gq^ is a phase 
space factor and Mqu is the nuclear matrix element. Two neutrino double beta 
decay (2i^/3/3) may also take place as an allowed process, and 

{Ty2,2uppy^ = G2u\M2u? (37) 

gives the rate. 

All experiments searching for Qv(3(3 rely on the measurement of the total energy 
of the two final state electrons, which must equal the Q value of the decay: T- + 
T - = Q. Experiments fall into two broad catagories: calorimeteric searches and 

tracking searches^. Calorimetric experiments use very high energy resolution to 
search for a peak in the T - +T - spectrum against a constant background caused 
primarily by the Compton scattering of energetic gamma rays from radioisotope 
contaminants in the experimental apparatus. For a detector with N x 10^^ /3(3 
decay candidates, energy resolution AE (in keV), and B background counts per 
keV in measuring time t years, the halflife sensitivity is [§^] 

/ ]\if \ 1/2 
ri/2 ~ ln2 X 10^3 y i^^^j . (38) 

The most sensitive experiments use enriched ^^Ge cryogenic detectors and attain 



total energy resolutions of 1.5 keV around Q = 2041 MeV. Germanium |105, 



3 



Radio chemical experiments, in which an excess of /3/3 daughters in old elemental deposits 



is used to measure the total 0uf3f3 + 2i^/3/3 rate, are an exception 1 104 1 
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Isotope 


Experiment 


Tl/2,0ul3l3 (yr. 


(M,)„,(eV) 


4«Ca 


HEP Beijing illlj 


> 1.1 X 10^2 


68% c.l 


23-50 


™Ge 


Heidelberg/Moscow |105 


1 > 5.7 X 10^5 


90% c.l 


0.2-0.8 




IGEX ||106|| 


> 0.8 X 10^5 


90% c.l 




82Se 


Irvine 


> 2.7 X 1022 


68% c.l 


4-14 




NEMO 2 


112 


1 


> 9.5 X 102i 


90% c.l 




962, 


NEMO 2 


113 


1 


> 1.3 X 102i 


90% c.l 


- 


iooMo 


LBL ||106| 


> 2.2 X 1022 


68% c.l 


3-111 




UCI ilT4| 


> 2.6 X 1021 


90% c.l 






Osaka |115|] 


> 2.8 X 1022 


90% c.l 




isoxe 


NEMO 2 


119 


1 


> 5 X 1021 
> 7.7 X 1022 


90% c.l 
90% c.l 


2-5 


Milano fllf J 




i36Xe 


Caltech/PSI/Neuchatel \1^ > 4.4 x lO^'^ 


90% c.l 


2-5 


iso^d 


UCI 11201 


> 1.2 X 1021 


90% c.l 


5-6 



Table 7: Current experimental limits on 0i^/5/5 decay and upper limits on {Ad^ 



106 , 107], CdTe [|108(| and Te |116[| detectors have the source as the detection 



medium, giving an efficiency approaching 100% for a system with a large number 
of emitters (102^ in the case of the largest germanium experiment). Detectors 
of 10 kg reach background limits of a few counts per year, probing the lifetime 
range above 102^ yr. 

Tracking type detectors identify both electrons via their ionization deposition 
in a tracking medium and use either the total energy deposition or the bending in 
a magnetic field (or both) to determine the energy of each electron. Identification 
of the two electrons provides a powerful disciminant against backgrounds from 7, 
a and /3 emitters in the apparatus. The use of I'^^Xe [109, IIC] as a fill gas in a 



tracking type system gives high efficiency for a large number of emitters (4 x 102^ 
in the case of the largest experiment) by using the source as the detection medium. 
Other experiments [|ll], 111, |ll|, |lT|, [ll9|, |l20|, |ll5| suspend the 0i//?/3 emitter 
in the tracking volume. This limits the size of the source, as the source must 
be thin enough for the electrons to escape without significant energy loss in the 
source material. 

The most sensitive experiments currently probe the lifetime range of 102'^ to 
102^ years, as summarized in Table ^ for the most experimentally attractive iso- 
topes. None yield an observation of Qv(3(3 and extraction of an upper limit for 
{My) is hampered by the complexity in calculating Mqv Two general methods 
are used in the computation of this nuclear matrix element [[L21| : the shell model 
and the quasiparticle random phase approximation (QRPA). Both give compara- 
ble results at the factor of five level. The QRPA is sensitive to the particle-particle 
coupling, which is poorly known and must be extracted from positron decay ex- 
periments. In the allowed range, the QRPA calculations indicate Oi^/5/3 may be 
completely suppressed by the nuclear matrix elements in some cases. Use of both 
methods gives rough agreement for the observed 2u(3(3 rates. Overall, the limit 
on {My) from Oz^/3/3 hes around {My) < leV. 

The present generation of operating experiments will achieve sensitivities of 
^i/2,Oi//3/3 ~ 10^^ yi') oi' {^'^v) ~0.3 eV. Ambitious plans are underway to push this 
limit even further: the GENIUS 122 | experiment seeks to probe {My) < 0.1 eV 
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Oscillating Neutrinos 


Required 6M^ (eV^) 


Solar 

Atmospheric 

LSND 


10-1° or 10-^ 
10-3 to 10-2 
10-1 to 10+1 



Table 8: Mass splittings required by the three hints of oscillation. 



through the use of several tons of enriched ^^Ge detectors. The CUORE experi- 
ment will use a cryogenic Te02 detector to achieve very high energy resolutions 
for large masses [123]. If, for example, the neutrinos have a quasi-degenerate 
mass spectrum (see Section ^), the coming experiments may cast light on the 
Major ana nature of the neutrino. 



7 NEUTRINO MASS SCENARIOS 



We have discussed the fairly strong evidence for neutrino mass from the behavior 
of the atmospheric neutrinos, the major further hint of mass from the behav- 
ior of the solar neutrinos, and the unconfirmed additional hint from the LSND 
experiment. To what neutrino mass scenarios do these hints point? 

For simplicity, one would like to assume that there are just three neutrinos of 
definite flavor, fg, f^, and I'r, and just three corresponding neutrinos of deflnite 
mass, vi, U2, and 1/3. However, for simplicity, one would also like to assume 
that the solar, atmospheric, and LSND oscillations each involve just a single 
oscillation "frequency", 6M'^. But when one makes the latter assumption, the 
inferred frequencies of the three oscillations cannot all be accommodated in terms 
of the masses of just three neutrino mass eigenstates. For, these frequencies are, 
as we have seen, approximately as summarized by Table |8[ Now, if there are 
only three mass eigenstates fj, then there are only three different mass splittings 
M^ — Mf , and these three splittings obviously satisfy 



5M2. 



Splittings 



sm!^ 



{M, 



Mi) 



+ (M 



Ml) 



+ {Mf 



Mi) 







(39) 



But, as we note from Table |8|, the splittings required by the three oscillations are, 
respectively, of three different orders of magnitude. Thus, they cannot possibly 
add up to zero, as demanded by Eq. (p9|), no matter what sign we assign to 
each of them. Hence, the three oscillations cannot all be explained in terms of 
just three neutrinos. To accommodate all three of these oscillations under the 
assumption that each oscillation is described by a single SM'^, we must introduce 
(at least) a fourth neutrino. Since we know from the width of the Z boson that 
only three species of neutrinos have normal weak interactions, this extra, fourth 
neutrino must be a sterile neutrino vg [p!c| ]. 

Since no direct evidence for any sterile neutrino has been seen, one wonders 
whether the simple assumption that each oscillation involves but a single 6M'^ is 
false. Suppose, for example, that there are only three neutrinos, with masses such 



that Mi 



Mi 



5Ml,^ » Mi 



Mi = SMi^^Yv Could it be that the oscillation 



of the LSND neutrinos involves (5Mg- , the flavor conversion of the solar neutri- 
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Mass (eV) 

i 



6x10 



,-2 



3 X 10-3 



V3 




4x10-3 (v.,^,,J 



Figure 7: A three-neutrino mass hierarchy that accounts for the oscillations of at- 
mospheric and solar neutrinos. The neutrinos z^i, f2, and 2^3 are mass eigenstates. 
The rough flavor content of each of these is indicated by dotting and hatching: 
The Ve fraction of a mass eigenstate is dotted, the f^ fraction is indicated by 
right-leaning hatching, and the v-r fraction by left-leaning hatching |125]. 



nos involves SM^^^^^, and the oscillation of the atmospheric neutrinos involves a 
mixture of both 6M^- and SM^^^^^I Then an analysis of the atmospheric data 
assuming (erroneously) that only one 6M'^ is involved might find a value inter- 
mediate between those corresponding to the LSND and solar effects, as observed. 
Nevertheless, in this scenario, there are only three underlying neutrinos. 

A number of analyses have attempted to exploit this possibility [124|. These 
attempts are clearly important, and should continue. However, the present au- 
thors have not seen any attempt to describe all three oscillations with just three 
neutrinos which is not at least somewhat inconsistent with some of the data. 
This being the case, we assume here that if one is to describe all three of the 
oscillations, at least four neutrinos are needed. 

If one is reluctant to introduce a (light) sterile neutrino, then he can proceed 
by provisionally setting aside the so-far unconfirmed LSND oscillation, and at- 
tempting to explain only the atmospheric and solar neutrino data in terms of 
oscillation. One can then have the three-neutrino mass spectrum depicted in 
Figure 0, which assumes the behavior of the solar neutrinos is due to the small- 
angle MSW effect. The masses of the neutrinos in Figure form a hierarchy, 
with M3 > M2 > Ml. The splitting M^ - M| ~ M| ~ 4 x IQ-^eV^ gives the 
atmospheric neutrino oscillation, while the splitting M2 — M^ ~ M2 ~ 10~^ eV^ 
yields the MSW effect in the sun. 

The hierarchy in Figure |^ is the lightest one which gives the SM"^ values called 
for by the atmospheric and solar oscillations. Since oscillations determine only 
mass splittings, and not actual masses, one, of course, can increase the masses in 
Figure ^ without affecting the oscillations so long as one keeps the (5M^ values 
fixed. For example, if neutrinos contribute significantly to Om, then perhaps 
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Mass (eV) 



3 X 10-3 



6M2~10-5 
(Vq) 



vo 



- : 



jn 




HDM 



t 



6M2~10-3 

v^Atmos-' 
M2~l 

(LSND) 



Figure 8: A four-neutrino scenario that accounts for the oscihations of the atmo- 
spheric, solar, and LSND neutrinos. The scenario contains the mass eigenstates 
uq — u^. The z/e, f^, and I'r fractions of these mass eigenstates are indicated as 
in Figure |^, and the i^s fraction is shown as a clear region. The mass eigenstate 
uq is largely a sterile neutrino ug. The ~ 1 eV neutrinos in the scheme make a 
significant contribution to Hot Dark Matter. 



we have a quasi-degenerate neutrino mass spectrum with Mi ~ M2 — M3 ~ 
(1 — 2) eV and the splittings SM"^ as in Figure |^. 

Suppose the behavior of the solar neutrinos is due to oscillation in vacuum, 
rather than to the MSW effect. Then the masses of the neutrinos in Figure |7| 
must be changed to give the small SM"^ (~ IQ-^'^eV ) that corresponds to solar 
neutrino vacuum oscillations. Also, their flavor content must be changed to reflect 
large solar neutrino mixing (sin 20 ~ 0.8). However, a neutrino mass-and-mixing 
scenario that corresponds to the solar and atmospheric observations is easily 
obtained pH. 

If one is willing to include a vs among the light neutrinos, then all three hints 
of oscillation can be accommodated. One neutrino mass scenario which accom- 
modates them is shown in Figure ^ [127|. In this scenario, the mass spectrum 
includes two ~ 1 eV mass eigenstates, 1^2 and 1/3, split by a SM"^ ~ 10"^ eV^ that 
produces the atmospheric neutrino oscillation. It also includes two much lighter 
mass eigenstates, vq and ui, split by a 5M^ ~ 10"^ eV that yields the MSW 
effect in the sun. However, as we see from Figure ^, in this scheme the MSW 
effect converts a fg into the largely sterile neutrino i^q rather than into a f^ or 
i^r- Thus, there is no f^ or v-j- component in the solar neutrino flux. Finally, the 
splitting 6M'^ ~ 1 eV between the heavy pair 1^2 and 1^3, and the light pair uq 
and vi, produces the LSND oscillation. The heavy pair in this scenario has been 
given the smallest average mass, ~ leV, which can still yield the SM"^ ~ 1 eV 
called for by LSND. Interestingly, with this ~ 1 eV mass, the members of the 
pair make a significant Hot Dark Matter contribution to the mass density of 



the universe, but without violating the cosmological upper bound of Eq. (31) on 
neutrino mass. 

In a theory containing the see-saw mechanism for neutrino mass, a sterile 
neutrino occurs naturally, as we have seen in Section |2|. However, this sterile 
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neutrino is very heavy, with a mass in the multi-GeV range or higher. In general, 
theories of neutrino mass do not predict light sterile neutrinos, such as the one in 
Figure |8|. However, even if one does not include LSND, the large mixing angles 
observed in atmospheric, and perhaps solar, neutrino oscillation also suggest that 
light sterile neutrinos may exist. The small mixing angles observed in the quark 
sector of the Standard Model lead us to expect naively that the mixing angles 
between active species of neutrinos are also small. However, there would be 
no such expectation for mixing between active and sterile neutrinos. Indeed, 
appealing theories have been constructed in which, as a result of a symmetry, the 
mixing between an active neutrino and a sterile one is automatically maximal 



EH 



Firm establishment of the existence of a light sterile neutrino would be a 
groundbreaking result. Thus, it is very important to confirm or disprove each of 
the three present hints of oscillation, and to thoroughly examine the question of 
whether or not these three oscillations, if all confirmed, together require the ex- 
istence of a fourth, sterile neutrino. It is also important to carry out experiments 
which can tell whether solar or atmospheric neutrino oscillation, or both, involve 
a sterile neutrino. 

The neutrino- mass scenarios we have discussed are just examples. Other sce- 
narios are possible |126| ]. As discussed in our concluding section, the various 
neutrino mass and mixing possibilities will be tested through future experiments. 

8 CONCLUSIONS 

To conclude this breathless sprint through the rich world of neutrino oscillation 
and neutrino mass physics, we consider the possible paths through the maze 
of revealing measurements that are expected in the next five or ten years and 
where this information might point experimenters and theorists in the long term. 
Some of the mainstream experimental questions to be answered are summarized 
in Table |9[ Caveat emptor: if the rapid changes in our knowledge in the past 
ten years is any indication, the phase space for surprises outside of the scope of 
these questions may be large. We consider, in turn, probes of our three neutrino 
oscillation hints: solar neutrinos, atmospheric neutrinos and the LSND signal. 

The low 6M'^ expected to be responsible for the fiavor conversion of solar neutri- 
nos precludes accelerator-based probes of this signal in the near future. However, 
on the observational front, both SNO and BOREXINO will begin data taking. 
BOREXINO will measure the ^Be flux and search for seasonal variations in the 
solar neutrino flux. Observation of a deep deflcit of ^Be flux would indicate that 
solar neutrinos oscillate according to the small angle MSW solution or in vac- 
uum. This would be conflrmed by the observation at SNO or SuperKamiokande 
of a deviation from the neutrino energy distribution in the absence of oscillations. 
Observation of a seasonal variation at BOREXINO would mean the oscillation 
depends on the earth-sun distance, indicating vacuum oscillations play a role in 
solar neutrino behavior. Perhaps the most exciting probe is SNO's measurement 
of the neutral current solar neutrino interactions. Muon and tau neutrinos have 
neutral current interactions of the same strength as electron neutrinos. Thus, if 
the missing solar electron neutrinos oscillate into another active neutrino flavor, 
either muon or tau, the rate for neutral current interactions of solar neutrinos 
will be the same as in the absence of oscillation. However, if the missing elec- 
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Future observation 


Solar I' oscillation 


Atmospheric u 
osciUation 


LSND u 
oscillation 


~ 1 eV i^e in tritium 
decay 


If solar ly osc, then at 
least 2-fold degeneracy 
with 5M2 < 10-5 




5M'' 

gives us 
masses of 
two 
eigenstates 


Ozv/3/3 at ~ O.leV 


- 


May be relevant 


Uf, ^ V^ 
contributes? 


SNO NC/CC as 
expected 


Solar z^e -^ i^fi or i^r 


NC deficit im- 
plies only one 
Vs which partic- 
ipates here 




SNO NC/CC deficit 


dN/dEy distor- 
tion proves oscillations, 
and therefore Vg 


NC deficit here 
imphes another 




Deep BOREXINO 
^Be deficit 


Big 

dN/dEy distortion con- 
firms smah angle MSW 






BOREXINO 

seasonal variation 


Ue vacuum oscillations 


- 


- 


Fe disappearance in 
KAMLAND 


Large 

angle MSW (day/night 
or small dN/dE^, distor- 
tion would confirm) 






Results 

of long baseline ex- 
periments (MINOS, 
K2K, CERN) 




Confirm 

^^l -^ ^T if see r 

appearance 




Confirmation and 
measure- 
ment of LSND (5M2 
by BooNe, 1-216 


Three signatures suggest 
and thus a fourth ligh 


three distinct mas 
t (sterile) neutrinc 


s splittings, 
needed 



Table 9: Some possible outcomes of future observations are listed. Next to each 
possible outcome are listed consequences or provocative additional experimental 
signatures related to the solar, atmospheric or LSND neutrino oscillations. 



38 P. Fisher, B. Kayser, K.S. McFarland 

tron neutrinos are oscillating into sterile neutrinos, the neutral current rate will 
be reduced. If such a reduced rate is observed and if additional confirmation of 
the oscillation hypothesis for solar neutrino disappearance is obtained, such as a 
large day/night eff'ect or anomalous solar neutrino energy spectrum, the case for 
Ve -^ T^s oscillations will become increasingly compelling. If the large angle MSW 
solution is indicated by small distortions of the solar neutrino energy spectrum 
and a large day/night eff'ect, then the KAMLAND reactor experiment will take 
center stage with the first possibility for a terrestrial confirmation of the solar 
neutrino oscillation hypothesis. 

The path to verifying the oscillation hypothesis for the atmospheric neutrino 
anomaly seems to clearly point to the next generation of long-baseline accelerator 
experiments, MINOS, K2K and CERN to Gran Sasso. Unless JM^ is at the low- 
est end of the range suggested by the SuperKamiokande data, all three programs 
should have access to observing the v^ oscillations; however, since L/E in all 
these experiments gives a peak sensitivity at SM"^ ~ 10~^, there is a significant 
possibility that these experiments will not be able to measure SM"^ by observing 
a complete oscillation cycle. Therefore, a low SM"^ may require either substantial 
beam redesign or a different baseline, which may in turn drive a new generation 
of long-baseline experiments. Since the reactor oscillation experiments (and the 
SuperKamiokande data itself) rule out the v^ -^ u^ interpretation of the atmo- 
spheric data, a premium is placed on the ability to detect r's or neutral current 
v-r interactions in order to determine whether the atmospheric neutrinos oscillate 
to Vr or to a sterile neutrino. Here, the higher energy experiments, MINOS and 
the CERN-Gran Sasso beam, will have an advantage over K2K, which cannot 
produce r leptons. Should CP violation in neutrino oscillations be observed in 
these long baseline experiments, this would imply that at least three neutrino 
mass eigenstates have splittings, 5M^, large enough to be within the sensitiv- 
ity of these experiments. This could be interpreted within the three neutrino 
framework as favoring an explanation for the solar neutrino deficit other than 
oscillation with a very small deltaM"^, or it could imply the presence of a fourth, 
sterile neutrino. 

New experiments, BooNE at Fermilab and 1-216 at CERN, should be able to 
conclusively confirm or refute the LSND signal, and measure 6M'^ and the mixing 
if the effect is observed. If the effect persists, it is possible the electron neutrino 
lies within the reach of a kinematic measurement. Kinematic techniques must be 
employed in order to resolve the overall scale of neutrino masses since oscillation 
is only sensitive to splittings. At this time, the best one can hope for is a mass 
sensitivity of 0.1 eV for v^, which would begin to probe mass splittings favored by 
the LSND result. If the electron neutrino were shown to have a mass ~ 0.1 eV, 
the solar neutrino oscillation would indicate there are two nearly mass degenerate 
neutrinos with 6M'^ < W~^ eV^. A very interesting and important experiment 
would be one which could resolve f^ or u-r masses at the 5M'^ ~ 1 eV^ level. 

The Majorana or Dirac nature of the neutrino remains an open question. We 
can hope for a mass sensitivity of 0.1 eV for Majorana electron neutrinos in the 
coming years which, if observed, indicates the LSND oscillation could be at least 
partially attribtued to Ue -^ T^- Direct probes of the question of the Majorana 
nature of the other neutrinos is likely to be unresolved for the forseeable future. 

Implicit in many of these outcomes is very exciting physics beyond the Stan- 
dard Model. The survival of all three current hints, discovery of CP violation 
inconsistent with only three neutrinos, or direct probes for solar or atmospheric 
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neutrino "disappearance" may indicate the presence of a new particle, a light 
sterile neutrino. Understanding its relationship to our current picture of ex- 
actly three generations of quarks, leptons and light neutrinos will prove a major 
challenge, both theoretically and experimentally, as the generational structure of 
fermions is probed at the energy frontier of accelerator experiments. 

In summary, current experimental results strongly indicate neutrinos have mass 
and the different lepton flavors mix. While lepton family number appears to 
be violated, the question of total lepton number conservation remains open. 
Currently-operating and soon-to-start experiments will take important steps to- 
ward completing the neutrino picture, but some large issues most likely will not 
soon be resolved. We expect that neutrino physics will remain a central focus of 
both experimental and theoretical endeavor for a long time to come. 
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